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Abstract 
Effects of Therapeutic Interventions on the Organization of the Rat Sensorimotor Cortex 
after a Complete Spinal Transection as an Adult 
Patrick Daniel Ganzer 
 
 
A spinal cord injury (SCI) not only impacts the spinal circuitry, but also affects 
the cortical sensory and motor representations in the brain. After injury, these 
representational maps of body parts on the surface of the brain can reorganize, which is 
defined as an extension of cortical representations of intact body areas into the cortical 
regions normally devoted to the deafferented body areas. In fact, cortical reorganization 
within these sensory and motor representations can play a major role in recovery after 
SCI. Therefore, it has been suggested that therapeutic interventions should act at, and 
therefore potentially promote, plasticity at all levels of the sensorimotor system. 
Unfortunately, the impact of rehabilitative strategies on cortical reorganization remains 
largely unknown. 
Both serotonergic (5-HT) pharmacotherapy and exercise therapy can act above 
and below the level of a SCI, and are each involved in the promotion of plasticity. 
Importantly, these interventions have been shown to improve locomotor recovery after 
SCI. However, their effects on cortical organization after SCI are unknown. In this thesis 
work, we have utilized 5-HT pharmacotherapy and passive bicycling exercise to promote 
recovery in the adult rat completely transected as an adult at spinal level T8/9.  We 
hypothesized that these two therapeutic interventions used in combination would promote 
significant sensorimotor cortical reorganization, the magnitude of which would be 
correlated to locomotor recovery. To assess this hypothesis, we have utilized high 
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resolution electrophysiological mapping techniques to investigate the somatosensory 
(single neuron mappings) and motor (intracortical microstimulation) representations in 
cortex after injury and therapy. These quantifications of sensory and motor cortical 
reorganization are then compared to locomotor recovery measures across therapy groups.  
Our results show that a combination of chronically administered 5-HT 
pharmacotherapy and passive bicycling exercise promotes significant reorganization of 
functionally relevant representations in the somatosensory and motor cortices, the 
magnitude of which is correlated to locomotor recovery. Interestingly, lesioning these 
new cortical circuits significantly reduced the achieved locomotor recovery seen in these 
animals. Therefore, the cortical reorganization induced by this combination therapy may 
play a major role in locomotor recovery, equating to new supraspinal control strategies 
and eventually weight-supported stepping.  
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Chapter 1: General Introduction 
 
 Spinal cord injury (SCI) currently affects 2.5 million people worldwide, and over 
273,000 people in the United States with 12,000 new cases reported each year (NSCISC, 
2013). This type of injury can not only lead to paralysis and subsequent loss of 
independent function, but also incurs a major financial impact on the injured individual. 
Anatomically, the spinal cord contains many complex ascending and descending 
pathways that are involved in voluntary movements, locomotion and many other 
sensorimotor behaviors. These pathways project to and from the brain, and are 
somatotopically organized in the sensorimotor neocortex. In the human this construct is 
referred to as the homunculus, and is also well preserved in lower mammals such as the 
rat (i.e. the “ratunculus”). SCI not only disrupts these pathways in spinal cord, but also 
concomitantly affects the somotopically organized representations in sensorimotor 
neocortex. Therefore, a spinal cord injury impacts multiple levels of the sensorimotor 
system, which is a feature that should be addressed during construction of a therapeutic 
regimen to restore lost function following injury. 
 
Cortical Reorganization after CNS injury 
 After injury or deafferentation, the representations in sensorimotor cortex can 
reorganize forming a new somatotopic map. This alteration of somatotopy, or cortical 
reorganization, is generally defined as the expansion of an intact cortical representation 
into part of the deprived cortex (Merzenich et al., 1983). This reorganization has been 
demonstrated after amputation of the digits (Kelahan and Doetsch, 1984; Rasmusson et 
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Figure 1.1. Adult animals show no cortical reorganization of the deafferented cortical zone after a SCI 
as an adult (adapted from McKinley & Smith, 1990). A, Region of afferent input isolated to the spinal 
cord after cord transection at Tlz is shaded. B, Region of somatosensory cortex shown in the maps 
below. C, Map of primary somatosensory cortex in normal cat. D, Cortical map of a chronic spinal cat 
cord transected as an adult. Striped lines indicate areas of no cutaneous response. Dashed lines indicate 
borders of mapped/unmapped cortex. Abbreviations: ank, ankle; ch, chest; sh, shoulder. Forelimb 
includes forearm, paw, and digits. 
 
al., 1992; McCandlish et al., 1996) or limbs (Rasmusson and Nance, 1986), and 
peripheral nerve damage (Merzenich et al., 1983; Kalaska and Pomeranz, 1979; Wall and 
Cusick, 1984). Importantly, this cortical reorganization can contribute to functional 
recovery after injury (Kao et al., 2009; Ghosh et al., 2009; Ghosh et al., 2010). Therefore, 
following from the logic that locomotion before injury involves sensorimotor elements 
from many levels of the central nervous system (CNS), plastic rewiring and subsequent 
contributions from above the level of the injury (in the form of cortical reorganization) 
can contribute to recovery after SCI. Unfortunately cortical reorganization and recovery 
of locomotor ability, especially in adult injured animals, is difficult to achieve and is not 
well studied. 
The first studies of the effects of a SCI on cortical reorganization in the adult 
primary somatosensory cortex showed that regions of the brain that normally dedicated to 
the processing of somatosensory information from below the level of the injury 
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(deafferented cortex) are silenced, showing no response to cutaneous stimulation (Levitt 
and Levitt, 1968). McKinley and Smith (1990; Figure 1.1) also found silencing within the 
deafferented cortex of cats following spinal transection, showing that no reactivation by 
the adjacent the forelimb representation. More recent studies by Kaas and colleagues 
further investigated these issues (Jain et al., 1995) by showing that unilateral interruption 
of the dorsal funiculus at the thoracic level (T6–T8) led to classic silencing within the 
corresponding hindlimb somatosensory cortex. Importantly, this lack of cortical 
reorganization after SCI as an adult was accompanied by little to no hindlimb motor 
recovery. These results indicate that after a SCI, the deafferented sensorimotor 
representation in adult animals receiving no therapeutic intervention is silenced and is 
accompanied by a lack of locomotor recovery. 
In contrast to injury as an adult, the neonatally injured CNS has a higher capacity 
for plasticity and recovery. This is due to the developmental state of the CNS at the time 
of the injury, when the sensory and motor systems are still maturing and endogenous 
growth and plasticity factors are higher compared to adulthood (Katušić, 2011). Although 
some studies have shown little to no plasticity within the neonatally injured sensorimotor 
system (Jain et al., 2003), the neonatal sensorimotor system can exhibit considerable 
spontaneous plasticity after injury. Additionally, therapeutic interventions can further this 
plasticity after SCI, which is accompanied by further gains in locomotor recovery. In 
adult rats transected as neonates, Giszter et al. (1998) showed that treadmill exercise 
combined with intraspinal transplants promoted the expansion of the axial trunk 
musculature within the deafferented primary motor cortex, which was strongly associated 
with recovery of weight supported locomotion. This enhanced cortical representation of 
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Figure 1.2. The percentage weight-supported steps in exercised spinalized rats is correlated to the 
response magnitudes of neurons in the reorganized hindlimb sensorimotor cortex (adapted from Kao et 
al., 2009). A, The flattened somatosensory cortex, when stained with cytochrome oxidase in a normal adult 
rat, reveals the locations that we targeted in this study. Solid lines outline the hindlimb and forelimb 
somatosensory cortices. B, Schematic of the flattened somatosensory cortex based on 1 mm grids showing 
the stereotaxic coordinates of the forelimb and hindlimb somatosensory cortex. C, Photographs of two 
adult rats with neonatal T8/T9 transections performing treadmill exercise. On the left is one exercised 
spinalized rat exhibiting no weight support. The hindquarters are dragged on the surface of the treadmill. 
On the right is an exercised spinalized rat exhibiting a weight supported step. The hindlimbs are supporting 
the hindquarters above the surface of the treadmill. D, The average weight-supported steps for eight rats 
were obtained after electrode implantation in the hindlimb somatosensory cortex. The average response 
magnitude of the cells were positively correlated with %WSS (**p_0.01). 
 
axial musculature was proposed to facilitate stability and balance during locomotion, and 
ultimately weight-supported stepping. Also, work by Kao et al. (2009 & 2011) has shown 
that adult rats transected as neonates that receive exercise therapy recover some ability to 
weight supported step, which is accompanied by reorganization of the somatosensory 
cortex (Figure 1.2). The enhanced cortical representation of the forelimb was proposed to 
contribute to increased balance during locomotion, and ultimately weight-supported 
stepping. Therefore, these combined changes in sensory and motor cortices provide a 
theoretical framework that can explain how cortical reorganization can functionally 
contribute to locomotor recovery. Still, little is known regarding the relationship between 
locomotor recovery and cortical reorganization after SCI as an adult. 
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Effects of SCI on the spinal serotonergic system 
          A complete SCI not only affects the ascending and descending sensorimotor 
pathways in spinal cord, but also disrupts the descending monoamine projections from 
brainstem regions. A variety of monoamine neurotransmitter systems descend into the 
spinal cord, innervate all regions of the spinal gray matter and play a role in spinal 
neurophysiology (Jordan et al., 2008). Among the diverse spinal monoaminergic systems, 
the descending serotonergic system seems to play a prominent role in modulating 
sensorimotor spinal circuits and locomotion (Hochman et al., 2001). The caudal raphe 
nuclei system (i.e. the raphe magnus, obscurus and pallidus nuclei) is the main source of 
serotonergic projections to the spinal cord (Bowker, Westlund, and Coulter, 1981). These 
nuclei project serotonergic axons to the spinal cord which differentially innervate all 
regions of the spinal gray matter and are involved in a modulatory control of spinal 
circuits (Schmidt and Jordan, 2000).  
Serotonin (5-HT) is released during locomotion (Gerin et al., 1994), and its 
application to the spinal cord in vitro can promote fictive locomotor states (i.e. 
rhythmogenesis). This was shown in detail in an elegant in vitro study, where the 
investigators bath applied 5-HT (20 µM) to the spinal cord while recording activity from 
the supralumbar spinal segments using electroneurograms (ENGs) and ventral root 
potentials (Figure 1.3; Cowley & Schmidt, 1997). The 5-HT induced electrophysiological 
output from the spinal cord consisted of: 1) bilaterally alternating potentials at a common 
spinal segment and 2) unilaterally alternating potentials from flexor (peroneal) and 
extensor (tibial) nerves. The electrophysiological correlates of rhythmogenesis observed 
in this study are in fact very similar to that seen during awake behaving locomotion 
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(Gruner et al., 1980). Therefore, in this study it was shown that without the descending 
control from supraspinal structures, locomotor-like electrophysiological output could be 
produced simply by applying 5-HT to the spinal circuitry. Furthermore, this 
rhythmogenic spinal output could still be produced after complete spinal transection at 
spinal level T4/5, showing that the spinal circuitry below a midthoracic spinal transection 
can successfully produce locomotor-like output in the presence of 5-HT. This and other 
studies  have established the ability of the spinal circuitry to produce fictive locomotor 
output in the presence of 5-HT and have investigated in depth the location of the circuitry 
responsible for this rhythmogenesis (Cazalets 1995; Harris-Warrick and Cohen 1985; 
Kjaerulff, Barajon, and Kiehn 1994; Kjaerulff and Kiehn 1996; Nishimaru and Kudo 
2000). This thoracolumbar spinal circuitry has come to be known as the spinal central 
pattern generator (CPG) and has been extensively studied in mammalian animal models 
(Kiehn 2006). From these experiments it is therefore conceivable to perturb the spinal 
circuitry and potentially produce locomotor output in-vivo after a SCI by utilizing the 
spinal 5-HT system. 
 
 
 
Figure 1.3. Effect of complete transverse spinal cord lesion on serotonin (5-HT)-induced 
locomotion. A: Locomotor-like pattern of alternating tibial (Tib) and peroneal (Per) nerve activity, 
produced by bath application of 5-HT, continued after transection through the T4/T5 junction 
(adapted from Cowley & Schmidt, 1997). 
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 Serotonin’s effects in the spinal cord are mediated by a wide variety of serotonin 
receptors (5-HT Rs) and concomitant signal transduction pathways (Hochman et al., 
2001). There are 14 known 5-HT Rs (Filip and Bader, 2009), and not surprisingly, some 
play more prominent roles than others in the production of locomotor activity. Recently, 
Antri et al. (2005) administered a pharmacological therapeutic regimen after SCI in the 
adult rat consisting of quipazine (a nonspecific 5-HT 2 R agonist) and 8-OH-DPAT (a 5-
HT 1A/7 R agonist) to promote locomotor recovery. In this study, they showed that after 
a complete midthoracic SCI, a chronic administration of this combination of 5-HT R 
agonists can 1) produce a robust activation of the spinal circuitry and 2) promote long 
lasting locomotor recovery (in the form of weight-supported stepping), potentially due to 
activity dependent plasticity mechanisms. Therefore, the recovery seen in these animals 
was mediated at least in part by chronic stimulation of the 5-HT 2, 1A and 7 Rs. 
Specifically, the 5-HT 2A and 1A receptors seem to be critical in the production of 
locomotion after SCI (Landry et al., 2006; Ung et al., 2008). Within the spinal cord, the 
5-HT 2A R is mainly present in the ventral gray matter (Marlier et al., 1991), and its 
activation has been shown to mediate increases in motorneuron excitability in vitro 
(Bracci et al., 1998). The spinal 5-HT 1A R is mainly present in the dorsal gray matter 
(Laporte et al., 1995), and its stimulation has been shown to increase spinal motoneuron 
excitability pre-synaptically in vitro (Wu et al., 2002). Both of these 5-HT Rs upregulate 
within the sublesional spinal gray matter after a complete SCI (Kong et al., 2010; Otoshi 
et al., 2009), which is most likely induced by spinal 5-HT denervation (Hadjiconstantinou 
et al., 1984). Therefore, after SCI these 5-HT Rs within the thoracolumbar CPG 
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upregulate, which represents an attractive target for a 5-HT pharmacotherapeutic 
intervention. 
Following from this evidence of 5-HT’s ability to promote locomotor recovery in-
vivo (without direct input from the brain), other studies have investigated 5-HT induced 
locomotion in more detail. Musienko et al. (2011) recently assessed the effect of 
stimulating specific monoamine receptor subtypes on locomotor output in adult rats 
receiving staggered lateral hemisections of the spinal cord at T7 and T10 (Musienko et 
al., 2011). This type of SCI not only leads to complete paralysis, but also abolishes all 
descending monoamine input from supraspinal structures, similar to studies discussed 
above. The investigators then utilized systemic injections of the following the 
monoamine receptor agonists and assessed their effects on locomotor output using 
kinematic and electromyographic measures: quipazine (5-HT 2), 8-OH-DPAT (5-HT 
1A/7), SR 57227A (5-HT 3), SKF-81297 (Dopamine 1(DA 1)), methoxamine (α1 (NA 
1)) and clonidine (NA 2). The findings from this study showed that the combined 
administration of quipazine and 8-OH-DPAT led to significant increases in weight-
supported stepping ability, bilateral locomotor rhythmicity and vertical ground reaction 
forces (amongst other kinematic and electromyographic variables). Although the addition 
of SKF-81297 (D1 R agonist) to the combination of quipazine and 8-OH-DPAT led to 
more a robust locomotion, this gain was negligible considering the concomitant increase 
in locomotor variability (Musienko et al., 2011). The further addition of methoxamine 
and clonidine had little to no effect on locomotor output. Therefore, although other 
monoamines are known to contribute to locomotor output, stimulating the 5-HT 2, 1A 
and 7 Rs can lead to significant improvements in weight-supported stepping ability 
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without deleterious side effects. However, these results need to be taken with caution 
when being applied to other experimental situations, considering the additional 
experimental manipulations utilized in this study (bipedal stance and epidural electrical 
stimulation of the spinal cord during locomotor assessment). Nonetheless, the findings 
from this study support previous works showing that quipazine and 8-OH-DPAT may be 
an optimal pharmacological 5-HT R agonist combination that can be utilized to promote 
locomotor recovery after SCI. 
 
Utilizing therapies that act at multiple levels of the CNS after injury 
Replacing the serotonergic drive in the spinal cord below the level of the SCI has 
been an effective therapeutic approach in promoting the recovery of locomotor ability, 
but it can be accomplished in ways other than direct pharmacological interventions. 
Investigators have also utilized raphe cell grafts implanted in the perilesional spinal cord 
(Feraboli-Lohnherr et al., 1997; Ribotta et al., 2000; Sławińska, Majczyński, and 
Djavadian, 2000) or intraspinal transplants within the lesion core to promote the 
sprouting of 5-HT axons above the level of the injury into the sublesional spinal cord 
(Kim et al., 1999). These interventions after SCI seek to promote the reinnervation of 5-
HT axons and subsequent increase in 5-HT tone similar to that seen before injury, but 
have had minimal success potentially due to the nonpermissive state of the lesioned 
spinal tissue (Silver and Miller, 2004) and the complexity involved with an efficacious 
reinnervation and integration of new 5-HT axonal fibers to appropriate sites within the 
spinal circuitry (Ribotta et al., 2000). Following from the logic that certain 5-HT R 
subtypes are differentially involved in locomotor output, optimized pharmacological 
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interventions modulating known 5-HT Rs can target specific Rs providing a robust 
activation of the sensorimotor spinal circuitry and subsequent locomotor recovery (Antri 
et al., 2003 & 2005; Landry et al., 2006; Courtine et al., 2009). Interestingly, these 
interventions can be (and are usually) administered systemically, which provides the 
possibility that we may be able to activate 5-HT Rs above the level of the injury at 
different sites within the sensoriomotor system (i.e. sensorimotor cortex).  
Aside from 5-HT’s prominent role in locomotion, it is also significantly involved 
in the maintenance of plasticity in developmental (Vitalis and Parnavelas, 2003; 
Whitaker-Azmitia, 2001) and adult stages of life (Lesch and Waider, 2012). Specifically, 
activating the 5-HT system is associated with the sprouting of neurites (Fricker et al., 
2005), dendritic remodeling and synaptogenesis (Azmitia et al., 1995). Furthermore, 
pharmacological modulation of the 5-HT system can promote plasticity within the visual 
(Maya-Vetencourt et al., 2008 & 2011) and somatosensory cortex (Jitsuki et al., 2011) 
that is associated with recovery of function after injury. Therefore, a 5-HT 
pharmacological intervention has the capability to affect both locomotor production and 
plasticity induction following injury. Stemming from the logic that a SCI not only affects 
the spinal circuitry (leading to paralysis) but also impacts the sensorimotor cortex of the 
brain (through deafferentation/defferentation), we now have a therapeutic intervention 
which can address these specific insults to the CNS after SCI. However, its effects on 
cortical plasticity after SCI are unknown. 
Similar to 5-HT pharmacotherapy, exercise interventions also have the capacity to 
promote locomotor recovery and plasticity at many levels of the sensorimotor system (i.e. 
the brain and spinal cord). Exercise can be administered both passively (Murphy et al., 
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1999) or actively (Ilha et al., 2011; Timoszyk et al., 2005; Wernig, 2006) after SCI. In 
human studies, passive bicycling exercise is a common non-invasive therapy that can 
reduce spasticity (De Mello et al., 2004; Kiser et al., 2005), increase bone density 
(Hangartner et al., 1994; Lauer et al., 2011) and reduce lower limb blood pooling 
(Phillips et al., 1998). Animal studies have shown that passive bicycling after SCI is 
associated with the upregulation of a diversity of neurotrophic factors within the spinal 
cord (Keeler et al., 2012; Liu et al. 2010, 2012), which can encourage plasticity through a 
wide variety of molecular mechanisms (for reviews see: BDNF: (Weishaupt, Blesch, and 
Fouad, 2012); Neurotrophins: (Ebadi, 1997); GDNF: (Bohn, 2004)). Following from the 
known effects that exercise can have in promoting neurotrophic tone in many CNS 
structures via direct and systemic mechanisms (Seifert & Secher, 2011; Vaynman and 
Gomez-Pinilla, 2005), one can ask: Does exercise of one part of the body promote 
plasticity in other areas of the CNS, even after severe injury?  
In a recent study, Graziano et al. (2013) assessed the effects of passive bicycling 
exercise on plasticity in the sensorimotor cortex in adult rats spinalized as adults 
(Graziano et al., 2013). In a somewhat surprising result, they showed that passive 
bicycling exercise of the paralyzed hindlimbs consistently promoted the upregulation of 
the plasticity related proteins BDNF and ADCY1 within the sensorimotor cortex. The 
investigators proposed that this was mediated through neuroendocrine and other systemic 
mechanisms. Additionally, this increase in plasticity related proteins within the 
sensorimotor cortex (which again is an area significantly impacted after SCI via 
deafferentation / defferentation) was accompanied by significant somatosensory cortical 
reorganization. Specifically, the forepaw somatosensory representation significantly 
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expanded into the deafferented hindlimb sensorimotor cortex in animals that received 
passive bicycling exercise after SCI. The results from this study are of outstanding 
significance. Similar to 5-HT pharmacology, passive bicycling can positively affect 
hindlimb function (Côté et al., 2011; Murphy et al., 1999), sublesional spinal plasticity 
(Keeler et al., 2012; Liu et al., 2012) as well as cortical plasticity (Graziano et al. 2013), 
and therefore can act at multiple levels of the insulted CNS following a complete SCI. It, 
therefore, along with 5-HT pharmacology is a multifaceted and promising therapeutic 
intervention which can be utilized after SCI to promote recovery. Interestingly, there is 
substantial evidence that 5-HT and BDNF have significant interaction at the cellular level 
(Mattson, Maudsley, and Martin, 2004; Garcia et al., 2003; Ivy et al., 2003; Nibuya, 
Morinobu, and Duman, 1995; Russo-Neustadt et al., 2000; Russo-Neustadt, Beard, and 
Cotman, 1999), which can potentially equate to an amplification of their plastic effects 
when administered in combination. For these reasons, these two therapeutic interventions 
will be utilized throughout the following thesis work to potentially promote the rewiring 
of sensorimotor cortical circuits and locomotor recovery in the adult rat spinalized as an 
adult.  
It is the central hypothesis of this thesis that 5-HT pharmacotherapy combined 
with exercise therapy induces the expansion of forepaw somatosensory cortex and upper 
trunk motor cortex into the deafferented hindlimb cortex and the extent of this novel 
representation is well correlated to locomotor recovery. This hypothesis will be tested by 
completing the following three Specific Aims: 
  
 
13 
 
SPECIFIC AIMS 
 
Specific Aim I: Identify the effect of serotonergic pharmacotherapy and exercise therapy on 
the organization of the somatosensory cortex, locomotor recovery and the spinal 5-HT 
receptor system after a complete spinal transection. 
Hypothesis: Serotonergic pharmacotherapy normalizes 5-HT receptor densities in the spinal 
cord, increases the cortical representation of body parts rostral to the level of the lesion 
compared to animals that receive sham therapy, and the extent this cortical reorganization is 
correlated to locomotor recovery. 
 
Specific Aim II: Identify the effect of serotonergic pharmacotherapy and exercise therapy on 
the organization of the motor cortex and locomotor recovery after a complete spinal 
transection. 
Hypothesis: Serotonergic pharmacotherapy combined with exercise therapy increases the 
cortical representation of body parts rostral to the level of the lesion compared to animals 
that receive sham therapy and the extent of this cortical reorganization is correlated to 
locomotor recovery.  
 
Specific Aim III: Identify the effect of lesioning the newly reorganized sensorimotor cortex 
on locomotor recovery. 
Hypothesis: Lesioning the reorganized sensorimotor cortex after 5-HT pharmacotherapy and 
exercise therapy will significantly reduce the achieved locomotor recovery, showing that 
cortical reorganization is a major contributor to recovery of locomotor ability after complete 
spinal transection. 
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Chapter 2: Somatosensory Cortical Reorganization and Locomotor Recovery After 
Spinal Cord Injury 
 
Specific Aim I: Identify the effect of serotonergic pharmacotherapy and exercise therapy 
on the organization of the somatosensory cortex, locomotor recovery and the spinal 5-HT 
receptor system after a complete spinal transection. 
 
Hypothesis: Serotonergic pharmacotherapy normalizes 5-HT receptor densities in the 
spinal cord, increases the cortical representation of body parts rostral to the level of the 
lesion compared to animals that receive sham therapy, and the extent this cortical 
reorganization is correlated to locomotor recovery. 
 
*For the assessment of the spinal 5-HT receptor system, see APPENDIX A* 
 
2.1. INTRODUCTION 
Somatotopic reorganization of the primary somatosensory cortex after a major 
loss of sensory inputs is well established (Calford and Tweedale, 1988; Endo et al., 2007; 
Florence et al., 1998; Jain et al., 1997; Pons et al., 1991; Wall and Egger, 1971). This 
reorganization plays a role in recovery after spinal cord injury (SCI) (Darian-Smith and 
Ciferri, 2005; Ghosh et al., 2009; Giszter et al., 2008; Kao et al., 2011, 2009; Qi et al., 
2011; Ghosh et al., 2010) and further promoting this cortical plasticity could facilitate 
improvements in behavioral outcome (Girgis et al., 2007; Engineer et al., 2011; Ghosh et 
al., 2009; Kaas et al., 2008; Kao et al., 2011; Nishimura et al., 2007; Ramanathan et al., 
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2006) Therefore, it is important to understand the effect, if any, of therapies known to 
improve behavioral outcome on cortical reorganization.  
Both exercise and the administration of serotonergic (5-HT) receptor agonists are 
promising potential therapies after a SCI. After a complete SCI, the descending 5-HT 
fibers are completely interrupted and paralysis below the level of the lesion occurs 
leading to negative effects below the level of the injury (e.g. muscle wasting, motoneuron 
atrophy and abnormal hindlimb bloodflow). The administration of 5-HT receptor agonists 
(Antri et al., 2003; Antri et al., 2005; Courtine et al., 2009; Landry et al., 2006) and 
passive bicycling exercise (Keeler et al., 2012; De Mello et al., 2004; Kiser et al., 2005; 
Hangartner et al., 1994; Lauer et al., 2011; Phillips et al., 1998) can promote recovery of 
motor function by acting below the level of the lesion. Importantly, the 5-HT and 
neurotrophic systems play a significant role above the level of the lesion in the regulation 
of cortical plasticity (Vaynman and Gomez-Pinilla 2005; Whitaker-Azmitia, 2001; Vitalis 
and Parnavelas, 2003). Specifically, activating the 5-HT and neurotrophic systems are 
associated with sprouting of neurites (Weishaupt, Blesch, and Fouad 2012; Fricker et al., 
2005), dendritic remodeling and synaptogenesis (Vaynman and Gomez-Pinilla 2005; 
Azmitia et al., 1995). Furthermore, modulation of the 5-HT and neurotrophic systems can 
promote plasticity in the somatosensory (Graziano et al., 2013; Jitsuki et al., 2011) and 
visual systems (Maya Vetencourt et al., 2008, 2011). However, the effect of a 
combination of 5-HT and exercise therapy on cortical reorganization after a SCI is 
unknown. 
To address this issue, we assessed the effect of a 5-HT agonist treatment 
combined with passive exercise therapy on cortical reorganization in adult rats after a 
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midthoracic (T8/9) spinal cord transection. We selected the complete spinal transection 
model to focus on reorganization in response to therapeutic interventions without any 
confounding effects from spared fibers left after partial lesions. Our results demonstrate 
that chronic administration of a combination of 5-HT pharmacotherapy and exercise 
promotes the expansion of the intact forelimb somatosensory (FLS) cortex into the 
deafferented hindlimb sensorimotor (HLSM) cortex and into the intact forelimb motor 
(FLM) cortex. This expansion has some topographic organization and, interestingly, is 
positively correlated with locomotor recovery. 
 
2.2 METHODS 
Experimental Design 
Animals were transected and divided randomly into three groups: 1) animals 
receiving sham therapy (Sham), 2) those receiving only exercise therapy (Bike) or 3) 
those receiving 5-HT agonists and exercise therapy (5-HT+Bike). Exercise therapy 
consisted of passive bicycling 3 days per week at week 1 post SCI and continuing for 8 
weeks (see Exercise Therapy). Doses of drug (Sigma–Aldrich, St. Louis, MO) consisted 
of a combination of the 5-HT receptor agonists quipazine & 8-OH-DPAT (8-Hydroxy-2-
(di-n-propylamino)tetralin).  Quipazine was injected intraperitoneally (Kim et al., 1999) 
and 8-OH-DPAT subcutaneously (Kulikov et al., 1997). Drugs were prepared by 
dissolving in sterile physiological saline and injected once per day 5 days per week 
beginning at week 2 post SCI and continuing for 8 weeks.  The 2 week lag time post 
injury allowed time for 5-HT receptor upregulation (Kim et al., 1999) in the spinal cord 
caudal to the lesion. Open field testing was performed at 4 and 8 weeks post SCI. During 
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the ninth week after SCI, animals were anesthetized and the sensorimotor cortex was 
mapped to identify responses to stimulation above the level of the lesion. Single neurons 
were identified, their responsiveness to light, tactile forelimb stimulation was assessed 
and their stereotaxic coordinates noted. Cortical reorganization and any resulting 
topography to that reorganization was measured by comparing changes in the proportion 
of cells responding to forelimb stimulation in the HLSM and the FLM cortices between 
groups. 
 
Transection Procedure and Animal Care 
Adult female Sprague-Dawley rats weighing 250-300g received a complete mid-
thoracic transection at spinal level T8/T9. Briefly, animals were anesthetized with 5% 
isoflurane and 2-liters of oxygen and maintained at 2-3% isoflurane with 1-liter oxygen 
for the duration of the surgery. A laminectomy at the T8/9 level exposed one spinal cord 
segment. A #10 scalpel blade was used to open the dura and pia mater and #11 scalpel 
blade was used to make the complete transection of the spinal cord. A fine-tipped 
microaspiration device was then used to remove 2-3 mm of spinal cord. A collagen 
matrix, Vitrogen (Cohesion Technology, Encinitas, CA), was injected into the site of the 
transection. Following recovery from surgery, animals were given an IM injection of the 
antibiotic Pen-G and 5 ml of lactated ringer subcutaneously animals and returned to their 
home cages. In addition, a control group was given a laminectomy (Lam.) at the T8/9 
spinal level and received no therapy. 
Animals were housed 2 per cage with highly absorbent Alpha-Dri bedding 
(Shepherd Specialty Papers Inc. Kalamazoo, MI) and cages were kept on warm water 
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blankets. Animals were housed under a 12h light/dark cycle (lights on at 07:00) with ad 
libitum access to food and water. In addition, bladder care was given 3 times daily for 2 
weeks or until bladder control was regained. At the sign of infection, the rats were given 
subcutaneous injections of Baytril (0.06 mg/kg) once a day for 7 days.  
 
Exercise Therapy 
Starting one week after spinal transection, animals received passive bicycling 
exercise using a custom built motor-driven cycling apparatus (Dupont-Versteegden et al., 
2000). Rats were suspended horizontally with their feet secured to the pedals. Cycling 
speed was maintained at 45 revolutions/min and each exercise bout consisted of two 30-
min exercise periods with a 10-min rest period in between. Exercise was administered 
three times a week (Monday, Wednesday & Friday) from 1-8 weeks post injury.  Animals 
in the sham therapy group were placed on bicycles at the same time periods, but the 
pedals did not move. 
 
Drug Administration 
Chronic pharmacotherapy was administered 5 days a week (Monday – Friday) 
from 2-8 weeks post injury. Doses of drug consisted of a combination of the 5-HT 
receptor agonists, Quipazine & 8-OH-DPAT. Quipazine (Sigma–Aldrich, St. Louis, MO) 
was prepared daily by dissolving in sterile physiological saline and injected i.p. at a 
volume of 1 mg/kg. 8-OH-DPAT (Sigma–Aldrich, St. Louis, MO) was prepared daily by 
dissolving in sterile physiological saline and injected s.c. at a volume of 1ml/kg. A 
combination dose of 0.125 mg/kg of each agonist was selected because it has previously 
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been shown to be effective in improving hindlimb motor function (Antri et al., 2005). 
Animals in the sham therapy group were given injections of saline. 
 
Locomotor Assessment 
BBB scoring in the open field was used to test hindlimb locomotor function 
(Basso et al., 1995) at three time points: 1) 4 weeks post-transection (off-drug) 2) 8 
weeks post-transection immediately after drug administration (on-drug) 3) 8 weeks post-
transection after a 3 day wash-out period (off-drug).  Sham animals received a challenge 
of a high dose of drug during the on-drug testing period. Spontaneous hindlimb motor 
activity was evaluated for 4 min in a 2.5×3 ft diameter enclosure and scored by two 
trained observers with an interrater reliability ≥95%. BBB scores from 0 to 8 are non-
weight supporting, while scores of 9 to 21 indicate some degree of hindquarter weight 
support with weight-supported stepping (Basso et al., 1995).  
 
Single-neuron mapping procedure 
Following the end of chronic therapy administration (week 9), a single-neuron 
mapping procedure of cutaneous information in the HLSM and FLM cortex was 
performed on the four groups: Laminectomy, Sham, Bike, and 5-HT+Bike. Animals were 
anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame.  For all 
animals, the anesthesia level was maintained at Stage III-3 (Friedberg et al., 1999).  This 
had the effect of reducing the responsiveness of cells and we therefore stimulated the 
cutaneous surface throughout the mapping procedure in order to identify single neurons 
(see below).  Craniotomies were performed over the right or left cortex to expose: 1) the 
20 
 
hindlimb (HLSM) and forelimb (FLS) representations within the primary somatosensory 
cortex and/or 2) the forelimb representation in the motor cortex (FLM) (Figure 2.1 A).  
Electrode penetrations were defined using stereotaxic coordinates (Leergaard et al., 
2004)(Fig. 4C). Penetrations in the FLS cortex were used to verify electrode positioning. 
The stereotaxic coordinates for the HLSM cortex craniotomy were from 0 to 3 mm 
posterior to bregma and from 2 to 3 mm lateral.  The coordinates for FLS cortex  
craniotomy were from 1.5 mm anterior to 3 mm posterior and 3 to 5 mm lateral.  The 
coordinates for FLM cortex craniotomy were from 2 mm anterior to 0.5 mm posterior 
and 2 to 4 mm lateral.  
A high impedance (4-10 MΩ) tungsten microelectrode (FHC Inc.; Bowdoin, ME) 
was mounted on a stereotaxic electrode manipulator.  A ground wire was connected to a 
grounding screw adjacent to the craniotomies. The microelectrode was positioned to a 
random, preselected location above either the HLSM or FLM cortices (Figure 2.1 C). The 
dura was removed and the microelectrode was lowered, perpendicular to the surface of 
the brain, to penetrate the pia. The microelectrode was then slowly inserted into the brain. 
The signals from the microelectrode were amplified (20k), bandpassed filtered 
(0.7 Hz – 6 kHz) and digitized at 40 kHz (Plexon Inc.; Dallas TX). Neuronal activity was 
continuously monitored on an oscilloscope and through audio speakers as the electrode 
was lowered and the cutaneous surface of the animal was continuously stimulated. When 
a neuron was encountered, the depth of the cell with respect to the cortical surface was 
noted. Two experimenters then determined whether the identified cell responded to  
cutaneous stimulation. The first experimenter controlled the position of the electrode and 
used a wooden probe to touch the hair/skin of the animal. The second experimenter, blind 
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to the position of the electrode and treatment group of the animal, determined if the cell 
responded to the stimulus by listening to the neuronal activity and verifying its action 
potential on the display.  If the cell did not respond to stimulation of any part of the body 
with an increase in firing rate, the cell was noted as a nonresponder. If the cell responded 
to the stimulation with an increase in firing rate, the cell was noted as a responder.  If the 
cell was noted as a responder, then the cutaneous receptive field (RF) of the cell was 
identified by tapping locations on the body rostral to the level of the injury. Stimulation 
of any body surface that elicited an increase in firing was considered part of the cell’s RF. 
For every cell identified, the stereotaxic coordinates of the microelectrode position were 
noted, the cell was classified as a responder or nonresponder and, if a responder, its 
receptive field identified.  
To ensure that tapping forces between animals and across sites were uniform, the 
responses elicited by the wooden probe were periodically compared to responses elicited 
by von Frey filaments to calibrate the stimulus applied by the wooden probe.  The 
stimulation consisted of pressing a filament gently against the skin, perpendicular to its 
surface until the filament bent 90 degrees. This procedure was done 5 times for each 
filament and skin site, to ensure reproducibility of the results. The filament necessary to 
elicit a response similar to the wooden probe was noted and compared across animals and 
locations. The filaments required to produce an equivalent response ranged from 4.31 
(bending force of 2 g) to 4.93 (bending force of 8 g) across animals and animal groups. 
There were no identifiable differences in the distribution of filaments used between the 
groups. 
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Figure 2.1. Assessing cortical reorganization after spinal cord injury. A. Representation of HLSM, 
FLM & forelimb sensory (FLS) cortex with an overlay of stereotaxic coordinates used for the acute 
single-neuron mapping procedure. B. Photomicrograph of a completely transected spinal cord 
(Nissl/myelin stain). C. Electrode penetration locations in the HLSM and FLM (refer to 2.1 A) for the 
Sham/Lam., Bike and 5-HT+Bike therapy groups. Gray circles represent electrode penetration in 
which cutaneous stimulation did not elicited neuronal response. Red crosses represent electrode 
penetration in which at least one neuron responded to cutaneous stimulation. At least one cell was 
encountered in each cortical layer for all electrode penetrations. D. Forelimb cortical zones with 
accompanying centroids (white circles) for each region; red—shoulder, blue—forelimb, green—wrist, 
yellow—forepaw, cyan—digits. E. Distance from responsive cells in the HLSM cortex to forelimb 
cortical zone with the homologous receptive field. The cutaneous receptive field for each cell was 
recorded. A line was drawn from the known location of the electrode to the centroid of the homologous 
cortical zone (e.g. yellow; ventral forepaw). The distance from the electrode to the edge of this zone 
was defined as the distance to the edge homologous cortical zone. F. Example waveforms of two 
single neurons and their representation in principle component space. G. Peri Stimulus Time 
Histogram (PSTH) of a single neuron showing the response magnitude (gray; RM), defined as the area 
of the histogram between the first (FBL) & last bin latency (LBL). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) A, C, D and E 
adapted from Leergaard et al., 2004. 
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After a cell was characterized, the microelectrode was moved at least 50 microns 
(with respect to the cortical surface) before another cell could be identified in the same 
penetration to ensure a new cell was encountered. To minimize tissue damage and its 
possible effects on cell responsiveness during later penetrations, no more than seven 
penetrations were performed per animal. 15-20 cells were encountered during each 
penetration. 
 
Perfusion & spinal cord histology  
After the acute mapping procedures, animals were perfused transcardially with 
buffered saline (100 mL), followed by buffered 4% paraformaldehyde in 0.2 M PBS (500 
mL). The brain and spinal cord were then removed, post-fixed in the same buffered 4% 
paraformaldehyde for 24 hours and finally cryoprotected in 30% sucrose until the tissue 
sank. Spinal cord specimens were frozen in Shandon M-1 Embedding Matrix compound 
(Thermo Scientific) and sectioned on a freezing microtome at 25µm. The transection 
segments of the spinal cords were sectioned horizontally, and every fifth section was 
Nissl–myelin stained. The resulting sections were examined under a microscope to 
confirm completeness of the transection (Figure 2.1 B). The average extent of the lesion 
for all animals was noted in order to verify that there are no differences in the 
rostrocaudal extent of the lesions between spinalized groups. 
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Data Analysis 
Normality tests were performed for each analysis to determine if parametric or 
nonparametric statistics should be used.  All analyses of variance (ANOVA) used SPSS 
v18 (IBM). All regression analyses used Graphpad Prism.   
Effects of the 8 week drug treatment on behavior were evaluated using a two-way 
ANOVA.  The first factor was Drug with two levels: On or Off Drug.  The second factor 
was Therapy Group with three levels: Lam./Sham, Bike, and 5-HT+Bike. Tukey’s post-
hoc test was used to determine differences in BBB scores between groups. An alpha level 
of 0.05 was accepted for significance. As expected, animals receiving a laminectomy 
achieved normal BBB scores (21) and were consequently excluded from the analysis. 
Effects of chronic drug treatment on cortical reorganization were evaluated using 
Kruskal-Wallis tests separately for data recorded from the HLSM cortex and for that 
from the FLM cortex.  For both, the effect of Cortical Layer (with three levels: 
infragranular, granular and supragranular) and Therapy Group (with three levels: 
Sham/Lam., Bike, and 5-HT+Bike) were tested and therefore, a Bonferroni correction 
was used (p<0.025 for significance).  Mann Whitney-U post hoc was used to identify 
differences between therapy groups with Bonferroni correction (p<0.017 for 
significance). 
Effects of chronic drug treatment on changes in the proportion of RFs were  
evaluated using a two-proportions test (NCSS, Kaysville, UT) for HLSM and FLM 
cortices separately.  
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Locomotor recovery was defined as the improvement in BBB score from week 4 
off drug to week 8 on drug (Week 8 - Week 4). All correlations were tested using 
Pearson’s correlation with a Bonferroni correction for multiple comparisons (p<0.025). 
 
2.3. RESULTS 
 
Locomotor Recovery 
A combination of 5-HT pharmacotherapy and exercise had a significant impact on 
the behavior of transected rats (Figure 2.2).  As expected (Antri et al., 2005), on drug 
BBB scores were significantly greater than off drug BBB scores [F(1,33)=127.2, 
p<0.001] and there was a significant effect of Therapy Group [F(2,33)=3.9, p<0.05].  In 
the open field (Figure 2.2 A), there were no differences in the BBB score between Sham, 
Bike and 5-HT+Bike groups on drug (5-HT+Bike 8.05 ± 0.24; Bike 7.5 ± 0.34; Sham 
7.28 ± 0.46). Off drug 5-HT+Bike (5 ± 0.76) and Bike animals (4.25 ± 0.57) performed 
significantly better in the open field compared to Sham animals (1.21 ± 0.3). A closer 
examination of week 8 on drug BBB scores (Figure 2.2 B) revealed that 5-HT+Bike 
animals achieved a significantly greater proportion of WS BBB scores (7/15) compared 
to Bike (0/10; p<0.025) and Sham animals (0/14; p<0.025) which never achieved WS. 
Therefore, in the open field 5-HT+Bike therapy promotes significantly more weight 
supported locomotor behaviors on drug and better locomotor recovery off drug. These 
results highlight the importance of chronic pharmacotherapy administration combined 
with exercise, and suggests that changes occur during chronic pharmacotherapy 
administration that significantly affects hindlimb locomotor function compared to a  
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Figure 2.2. Locomotor recovery after SCI and therapy. A. Off drug, locomotor assessment revealed 
that 5-HT+Bike and Bike animals had significantly higher BBB scores than Sham animals. On drug, there 
were no significant differences in BBB score between groups. B. However, further analysis of on drug 
BBB scores showed that 5-HT+Bike animals achieved a significantly higher amount of WS BBB scores 
compared to Bike or Sham animals. * different at p<0.05, ** different at p<0.01 
 
 
single dose of drug (Bike).  While changes in the spinal cord below the level of the lesion 
clearly contribute to these effects (van den Brand et al., 2012; Musienko et al., 2012), a 
potential contributor to these increases in hindlimb locomotor ability may be changes 
within the sensorimotor cortex as suggested in previous studies (Giszter et al., 2008; Kao 
et al. 2009; Moxon et al., 2012). Therefore, the impact of these therapeutic interventions 
on cortical reorganization was assessed. 
 
5-HT pharmacotherapy combined with exercise promotes significant cortical 
reorganization 
Chronic 5-HT pharmacotherapy combined with exercise increased the proportion 
of responding cells in both the HLSM cortex [H(3)=35.32, p<0.001] and the FLM cortex 
[H(3)=19.08 , p<0.001].  Unlike results from neonatally spinalized rats (Kao et al., 2009), 
there were no differences between cortical layers [H(2)=3.01, p = 0.222, for HLSM and 
27 
 
H(1)=0.245, p=0.621, for FLM]. Similar to previous studies (Moxon et al., 2012; Kaas et 
al. 2000), for spinalized animals that did not receive therapy (Sham), the probability that 
cells in the HLSM and FLM cortices would respond to cutaneous stimulation above the 
level of the lesion was not different from normal animals (Lam.; paired t-test; p > 0.05) 
and these two groups were combined (Sham/Lam.). For the HLSM cortex, animals 
receiving any therapy had a larger proportion of responding cells than Sham/Lam. 
(Figure 2.3 A). For the FLM cortex, only 5-HT+Bike animals had a larger proportion of 
responding cells than Sham/Lam (p<0.001). In addition, similar to the effect of 5-HT and 
exercise on locomotor outcome, the 5-HT+Bike group had a larger proportion of 
responding cells than the Bike group for both the HLSM and FLM cortices (p<0.05). 
Therefore, 5-HT pharmacotherapy combined with exercise therapy has an effect not only 
below and above the level of the lesion. 
The receptive fields (RFs) of the responses in the reorganized cortices were most 
likely to be in the forepaw (including digits and ventral or dorsal paw) rather than the 
forelimb (including wrist) or shoulder (Figure 2.3 B). For the HLSM cortex, animals that 
received any therapy (5-HT+Bike /Bike) had a significantly different distribution of RFs 
compared to Sham/Lam. animals (two-proportion test, z = -2.5, p < 0.05). For the FLM 
cortex, Sham/Lam. animals had a large proportion of RFs in the paw and therefore, the 
receptive field distribution after therapy was not different from 5-HT+Bike/Bike (two-
proportion test, z = -1.81, p = 0.96). Therefore, it seems that the reorganization favors 
activation of forepaw circuits across the reorganized cortices. 
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Figure 2.3. Cortical reorganization and cutaneous receptive field distribution in HLSM and 
FLM. A. In the HLSM, all groups receiving therapy (5-HT+Bike and Bike) had a significantly higher 
proportion of cells responding to cutaneous stimulation above the level of the lesion compared to 
Sham/Lam. animals. In the FLM, 5-HT+Bike animals had a significantly higher proportion of cells 
compared to Sham/Lam. and Bike. B. Sham/Lam. as well as all animals that received any therapy (5-
HT+Bike/Bike) were grouped together. A significant shift in receptive field from the forelimb to the 
forepaw was observed in animals that received any therapy compared to Sham/Lam. animals. There 
was no shift in RF within the FLM. *** different from Sham/Lam at p<0.001 ; ** different from 
Sham/Lam. at p<0.01; # different from Bike at p<0.05. 
 
 
Therapy induced cortical reorganization is correlated to locomotor recovery 
To determine if the extent of locomotor recovery could contribute to the cortical 
reorganization, we investigated whether the proportion of responding cells was related to 
the changes in BBB score (Figure 2.4). There was a significant positive correlation for 
both the HLSM cortex (r
2
=0.30, p<0.05), such that animals that achieved the highest 
BBB score showed the greatest amounts of cortical reorganization. For the HLSM cortex, 
animals achieving bilateral weight supported dorsal stepping of the hindlimbs (n=3, black 
filled circles) or bilateral plantar placement of the hindlimbs without weight support 
(n=2, gray filled circles) had the highest proportion of responding cells.  
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Cortical reorganization in the HLSM, but not the FLM, displays a topographic 
organization 
 
To determine if there was a somatotopic organization to the increased forepaw 
responsiveness of cells in the HLSM and FLM cortices, the distance of the responding 
cell from the homologous location of the RF in the forelimb sensory cortex was examined 
(Figure 2.5). For the most part, the areas of HLSM cortex that had the highest proportion  
cells were closest to the homologous forelimb somatosensory RF but this was not the  
of responding cells were more lateral and closest to the forelimb sensory cortex. This was 
not evident in the FLM cortex. Further quantitative assessment provided insight into 
reorganization (Figure 2.6). HLSM penetrations with the largest proportion of responding 
were closest to the homologous forelimb somatosensory RF but this was not the case for 
the FLM (HLSM: r
2
=0.45, p<0.001; FLM: r
2
=0.12, p=0.11). Moreover, the magnitude of 
Figure 2.4. Cortical reorganization is positively correlated with Behavioral Recovery after SCI. 
A. The proportion of responding cells of all animals was positively correlated to Behavioral Recovery 
(Week 8 On Drug - Week 4 Off Drug BBB score) in both the HLSM. White circles: animals displaying 
nonfunctional movement of the hindlimbs. Gray circles: animals achieving bilateral plantar placement 
of the hindlimbs without weight support. Black circles: animals achieving bilateral dorsal weight 
supported stepping. 
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the response (spikes/stimulus) was also well correlated to the cell's distance from its 
homologous receptive field in the forelimb sensory cortex for the HLSM cortex 
(r
2
=0.25, p<0.05) but not the FLM cortex (r
2
=0.05, p=0.46). Therefore, the cortical 
reorganization in the HLSM but not the FLM cortex had a somatotopic organization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Representations of the topography of the reorganized HLSM and FLM cortices. 
Intensity plots of the proportion of responsing cells within groups across the HLSM (A) and FLM (B). 
Left figures are for the Sham/Lam. group, middle figures are the Bike group and right are the 5-
HT+Bike group. Each chart shows the outline of the FLS, HLSM and FLM cortices as described in 
Figure 2.1 A. The FLM cortex is medial to the FLS and anterior to the HLSM. The colored key for 
each chart represents the proportion of responding cells. (adapted from Leergaard et al., 2004; 
coordinates are consistent with Paxinos and Watson, 2007). 
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C. 
E. 
Figure 2.6. Topography of the reorganization is evident within the HLSM but not the FLM cortex. A. For 
the HLSM cortex, the proportion of responding cells was well correlated to the distance from the penetration site 
to the edge of homologous forelimb sensory cortical zone metrics. B. There was no such correlation for the FLM 
cortex. C. Representative PSTHs from three cells in the HLSM cortex labeled with their corresponding distance to 
the edge of homologous cortical zone (mm). D. In the HLSM, the response magnitudes of single neurons in the 
HLSM were negatively correlated to the distance to the edge of the homologous cortical zone. E. Representative 
PSTHs from three cells in the FLM cortex labeled with their corresponding distance to the edge of homologous 
cortical zone (mm). F. In the FLM, the response magnitudes of single neurons were not correlated to the distance 
to the edge of the homologous cortical zone. 
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2.4. DISCUSSION 
The main result of this study is that a combination of 5-HT pharmacotherapy and 
exercise after a complete spinal transection in the adult rat produced more reorganization 
in the sensorimotor cortex than would be expected by the transection alone. While 
cortical responses evoked by stimuli delivered below the level of the lesion are obviously 
abolished in the HLSM cortex after spinal transection, cortical responses evoked by 
stimuli delivered above the level of the lesion markedly increased after a combination of 
5–HT pharmacology and passive exercise therapy, both in the number of responsive cells 
and in the magnitude of responsive cells. Moreover, this enhancement in reorganization 
extended into intact (forelimb) motor cortex. Interestingly, the reorganization in the 
HLSM, but not the FLM cortex had a topographic organization: in the HLSM cortex, 
penetrations with a large proportion of responding cells were more likely to be close to 
the forelimb sensory cortex with the homologous RF; moreover, the cells closest to the 
forelimb sensory cortex with homologous RFs had the greatest response magnitude. 
Intriguingly, cortical reorganization was well correlated to behavioral improvement such 
that animals that achieved weight support had the greatest extent of cortical 
reorganization. 
Serotonin has complex actions on sensorimotor systems in normal animals and 
acts at both the spinal level and at the supraspinal levels. Serotonin plays a critical role in 
the development of sensory and motor system by modulating experience dependent 
plasticity during certain behavioral states as recently reviewed by Kirkwood (2000). In 
the adult animal, acute activation of 5-HT receptors generally results in inhibition at both 
the spinal level and cortical level. At the spinal level, 5-HT inhibits sensory input by 
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augmenting the primary afferent depolarization (Eccles et al., 1962). However, direct 
actions have not been ruled out and excitatory or facilitatory actions of 5-HT have also 
been noted (Khasabov et al., 1999; Lopez-Garcia and King, 1996; Proudfit and Anderson, 
1973). At the cortical level, 5-HT is also generally inhibitory (for example Waterhouse et 
al., 1986) but again, excitatory actions have been noted (for example Bassant et al., 1990; 
Sheibani and Farazifard, 2006). It is widely suggested that the actions of 5-HT are 
modulatory and state dependent in normal animals. 
However, there appears to be a different role for 5-HT in the injured central 
nervous system that more closely mimics the impact of 5-HT during development. For 
example, 5-HT reduces deficits after traumatic brain injury (Kline et al., 2002). After 
damage to the visual system, 5-HT has been shown to restore visual function (Jitsuki et 
al., 2011; Maya Vetencourt et al., 2008, 2011; Maya-Vetencourt et al., 2011). Finally, in 
response to sensory deprivation in the whisker system of rats, 5-HT has been shown to 
restore sensory evoked response (Sheikhkanloui-Milan et al., 2010). The results in this 
study are likely to be more closely tied to these mechanisms of 5-HT than the generally 
inhibitory action of 5-HT in an intact CNS. For example, we recently showed that, in 
neonatally spinalized rats, 5-HT produces a paradoxical activation of spinal circuits 
(Shumsky et al., 2005) and enhances the responses of HLSM neurons to forepaw footfalls 
during treadmill locomotion (Moxon et al., 2012). It will be important to repeat those 
experiments after adult TX and 5-HT pharmacotherapy in order to directly compare the 
effects of injury at different ages. Nonetheless, it is likely that the deafferentation of the 
HLSM after SCI produces a more plastic state (Aguilar et al., 2010; Endo et al., 2007; 
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Ghosh et al., 2009) and our results shown here suggest that under these conditions 5-HT 
acts to enhance reorganization.  
Although our study identified a significant expansion of the forelimb sensory 
cortex into neighboring cortical regions, alterations in subcortical and spinal circuitry 
may contribute to this expansion. At one extreme, the expansion could be due solely to 
extensions or sprouting of corticocortical fibers from the intact forelimb sensory cortex 
into the deafferented HLSM cortex. In the neonatally spinalized rat, we previously found 
that reorganization in the HLSM cortex was restricted to the extragranular layers and, in 
that case, the lack of reorganization in the granular cortex suggested that reorganization 
might be limited to cortico-cortical changes (Kao et al., 2009). However, in this case, we 
found similar changes across all three cortical layers. This suggests that changes in 
thalamocortical afferents may contribute to the reorganization since this input enters the 
granular layer. In the monkey, changes in thalamic organization (Lombard et al., 1979; 
Xu and Wall, 1999; Pollin and Albe-Fessard, 1979) and brainstem organization (Bowes 
et al., 2012; Qi et al., 2011) were noted after partial lesions. Given the extensive 
reorganization identified in this study and its relationship to functional recovery, other 
subcortical regions will need to be evaluated. However, the work presented here 
represents a first assessment of this potential brain reorganization because the somatotopy 
of the sensorimotor cortex is well established and easily accessible. This allowed for a 
clear assessment of the effects of 5-HT on cortical reorganization. 
In addition, the neuroanatomical substrate(s) by which these cortical circuits 
reorganize remains unclear. Restructuring of neuronal morphology and changes in the 
efficacy of synaptic transmission are both mechanisms that may contribute to cortical 
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reorganization. Importantly, there was some topography to the reorganization in the 
HLSM cortex such that neurons whose receptive fields were originally devoted to skin 
locations below the level of the lesion become responsive to stimulation of locations 
whose cortical representation is adjacent to the deafferented cortex. This type of 
topography is similar to what was observed after peripheral nerve injury (Merzenich et 
al., 1983) such that intact cortex that was closest to the deafferented cortex expanded (e.g. 
lower jaw into forepaw cortex). In these peripheral nerve injury studies, expansion of the 
intact cortex was confirmed to be due, at least in part, to local changes in synaptic 
efficacy within the cortex (Hickmott and Merzenich, 2002). Subsequent studies showed 
that one mechanism for this change in synaptic efficacy was changes in the arborization 
of the dentritic tree (Hickmott and Steen, 2005). In our study, there was a topography of 
both the cortical reorganization and the response magnitudes of single neurons in the 
reorganized HLSM cortex supporting a role for local changes at the border between 
putative forelimb and hindlimb sensory cortices. However, this could be due to changes 
in synaptic efficacy, sprouting of new synaptic connections and/or changes in dendritic 
tree morphology. 
The correlation of the reorganization with behavioral recovery is intriguing. On 
the one hand the relationship opens the possibility that the improvement in behavior 
provides an opportunity for use dependent plasticity facilitated by the increased 
activation of cortical 5-HT receptors. The complete transection model ensures that the 
reorganization is not in response to activation of spared fibers. In this study, the fact that 
the majority of the responses were in the forepaw and not the forelimb suggests that 
improved behavior is related to increased processing of forepaw somatosensation. This 
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may be useful to maintain balance while lifting the trunk to allow for plantar placement 
of the hindlimb and, ultimately, weight-supported stepping. On the other hand, the 5-HT 
agonists may well act upon the sensorimotor forelimb cortex and improve forelimb 
control compensation independently of any action on the hindlimb, and hindlimb 
behavior. In this case, any improvement in hindlimb control would result from 
reorganization of local feedback through the lumbosacral spinal cord and not be 
dependent on change supraspinally. This would still suggest a positive effect of the 
pharmacotherapy, but through independent distributed mechanisms.  
Interestingly, the reorganization occurred not only in the deafferented HLSM 
cortex but also in the intact FLM cortex. This expansion of the FLS cortex into the FLM 
cortex is not completely unexpected, because in physiological conditions cortical 
responses to forepaw stimuli propagate both toward the HLSM cortex and toward the 
FLM cortex, as recently measured with voltage-sensitive dye imaging in rats (Morales-
Botello et al., 2012). The reorganization was not limited to regions of FLM cortex 
adjacent to forelimb sensory cortex. In the normal rat FLM cortex approximately 10–15% 
cells respond to cutaneous stimulation with a larger proportion (>85%) responding to 
deep or joint stimulation (Sievert and Neafsey, 1986). The percentage is somewhat higher 
(approximately 25%) in primates (Wong et al., 1978). For both rat (Sievert and Neafsey, 
1986) and primate (Murphy et al., 1978), these cutaneous responses are homonymous 
with the motor responses at each location. In the rat, these forepaw cutaneous responses 
are well distributed across the FLM cortex (Sievert and Neafsey, 1986) and, therefore, the 
increased in responsiveness identified in our work likely represents an enhancement of 
this normal innervation. One likely benefit to this expansion may be related to normal 
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sensorimotor organization in the rat. For the rat, the HLSM cortex has important partial 
overlap between sensory and motor function. When this overlap is lost due to the spinal 
transection, the expansion of forelimb sensory function into FLM cortex may be due, in 
part, as a way to restore some sensorimotor overlap, which might be useful for 
locomotion in the rat. 
In our model, the cortical reorganization was dose dependent such that more cells 
in both the FLM and HLSM cortex responded to cutaneous stimulation of the forelimbs 
after a high dose of 5-HT agonists compared to that after a low dose of 5-HT agonists. 5-
HT has long been associated with plasticity (Bennett-Clarke et al., 1994, 1995; Chen et 
al., 2003; Inaba et al., 2009; Jones et al., 2009; Kim et al., 2006; Kojic et al., 1997; 
Normann and Clark, 2005). For example, stimulation of the 5-HT 1A receptor promotes 
the release of the neurotrophic protein S-100β, which can induce plasticity associated 
with the cytoskeletal remodeling protein MAP2 (Azmitia et al., 1995; Nishi et al., 1996, 
1997). Activation of MAP2 increases dendritic arbor area, dendritic complexity as well as 
dendritic spine density (for review see Sanchez et al., 2000; also Adkins-Muir and Jones, 
2003; Kondoh et al., 2004; Li et al., 1998; Ramos et al., 2004). Moreover, 5-HT promotes 
cortical reorganization after injury likely due to the reinstatement of plasticity known to 
exist during development. For example, the 5-HT 1A receptor was implicated in the 
restoration of visual function in amblyopic rats by reinstating ocular dominance plasticity 
(Maya Vetencourt et al., 2008, 2011). The 5-HT 2A receptor was shown to facilitate the 
delivery of AMPA receptors to the postsynaptic membrane as well as other late-LTP 
mechanisms during reorganization of the whisker cortex after visual deprivation (Jitsuki 
et al., 2011). Therefore, activation of 5-HT receptors within the sensorimotor cortex after 
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SCI combined with improved behavioral outcome from its actions below the level of the 
lesion are likely to facilitate cortical reorganization by restructuring connections that 
could be relevant for behavioral recovery after spinal cord injury. 
Of course, any causal relationship between cortical reorganization and behavioral 
recovery remains to be determined. However, the aim of this study was to show that 5-
HT pharmacotherapy can promote cortical reorganization after spinal cord injury, and the 
complete transection model ensures that the cortical reorganization is not in response to 
activation of spared fibers. The impact of 5-HT on cortical plasticity presented here is 
likely to be particularly relevant in models of partial spinal cord injury, in which spinal 
plasticity and cortical plasticity could jointly act to maximize behavioral recovery. 
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Chapter 3. Motor Cortical Reorganization and Locomotor Recovery After Spinal 
Cord Injury 
 
Specific Aim II: Identify the effect of serotonergic pharmacotherapy and exercise 
therapy on the organization of the motor cortex and locomotor recovery after a complete 
spinal transection. 
 
Hypothesis: Serotonergic pharmacotherapy combined with exercise therapy increases the 
cortical representation of body parts rostral to the level of the lesion compared to 
animals that receive sham therapy and the extent of this cortical reorganization is 
correlated to locomotor recovery. 
 
3.1. INTRODUCTION 
Increased activation of the spared neuronal networks associated with 
improvement in functional outcome is generally thought to be the result of plasticity in 
response to rehabilitative therapy after SCI (Edgerton et al., 2008; Lynskey et al., 2008, 
Barrière et al., 2008), although these therapeutic strategies have focused on plasticity 
below the level of the lesion.  Both human (Curt et al., 2002b; Cohen et al., 1999; Lotze 
et al., 2006; Cramer et al., 2005; Curt et al., 2002a; Hoffman and Field-Fote, 2007) and 
animal (Wall and Egger, 1971; Jain et al., 1997; Bruehlmeier et al., 1998; Green et al., 
1998; Curt et al., 2002a; Endo et al., 2007; Jain et al., 2008; Tandon et al., 2009; Ghosh et 
al., 2009, 2010) studies consistently report a range of cortical reorganization after spinal 
cord injury.  Since cortical reorganization plays a critical role for functional recovery 
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(Kaas et al., 2008; Kao et al., 2009; Ghosh et al., 2009; Nishimura et al., 2007), it has 
been suggested that rehabilitative strategies should not be limited to targeting spinal cord 
plasticity but should address plasticity at all levels of the sensorimotor system 
(Beekhuizen & Field-Fote, 2005; Thomas & Gorassini, 2005; Winchester et al., 2005; 
Girgis et al., 2007; Hoffman & Field-Fote, 2007; Martinez et al., 2009). However, the 
impact of rehabilitative strategies on cortical plasticity remains poorly understood. 
Recent work suggests that only active participation in training (over ground 
locomotion towards a food reward) can promote plasticity and cortically mediated 
recovery following SCI (van de Brand et al., 2012).  This stands in contrast to earlier 
work demonstrating reorganization of the corticospinal tract (CST) after incomplete SCI 
in the absence of therapy (Ghosh et al., 2010). In our work, we have previously shown 
extensive reorganization of the somatosensory cortex in a rat model of complete spinal 
cord injury after passive exercise delivered below the level of the lesion, probably 
through cardiovascular and neuroendocrine systemic effects (Graziano et al., 2013).  We 
have also shown reorganization of the somatosensory cortex after chronic serotonergic 
pharmacotherapy, likely through the direct action of serotonin (5-HT) on sensorimotor 
systems (Chapter 2; Ganzer et al., 2013). The model of complete SCI reduces 
confounding factors that arise from spared fibers and, to that end, we repeated these 
therapeutic interventions in the complete SCI model and assessed its effect on 
reorganization of the motor cortex. 
In the present study, we performed a complete spinal transection (TX) on three 
groups of animals through week 8 post-SCI. The first group (Sham) received sham 
therapy; the second group (Bike) received passive hindlimb bike exercise 3 times per 
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week (Graziano et al., 2013); the third group (5-HT+Bike) received the same bike 
exercise combined with daily injections of 5-HT agonists (Ganzer et al., 2013). During 
week 9, intracortical microstimulation (ICMS) was used to map the representation of the 
forelimbs, hindlimbs and trunk musculature in motor cortex. Results were compared to 
the motor maps of a group of uninjured rats that did not receive any therapy (Control). 
We separately mapped 1) medial post-bregma area (MPBA), the main origin of the trunk 
and hindlimb CST, 2) caudal forelimb area (CFA), the main origin of the forelimb CST, 
and 3) the rostral forelimb area (RFA), the main origin of CST fibers controlling muscles 
that activate the forepaw and digits. Based on our studies of reorganization of the 
somatosensory cortex after complete spinal transection, we expected therapy to produce 
little reorganization of motor cortex devoted to musculature below the level of the lesion 
and expansion of the forelimb motor cortex into the deafferented hindlimb motor cortex. 
However, our results show a different picture.  5-HT+Bike resulted in extensive 
expansion of the upper axial trunk motor cortex into the deafferented hindlimb motor 
cortex and reorganization within both the CFA and RFA. These changes were correlated 
to improvement in functional recovery of hindlimbs during open field locomotion. These 
results are consistent with recent human studies showing improvement in upper trunk 
control after severe thoracic SCI when patients received passive step training on a 
treadmill while supported in a body harness. From a translational perspective, these data 
provide the rationale for developing and optimizing both exercise and pharmacological 
therapeutic strategies to promote cortical reorganization. 
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3.2. METHODS 
Experimental Design 
Animals with complete spinal transections were divided randomly into three 
groups: 1) animals receiving sham drug and sham exercise therapy (Sham; N=8), 2) those 
receiving exercise and sham drug therapy (Bike; N=8) or 3) those receiving both drug 
and exercise therapy (5-HT+Bike; N=8). Uninjured animals served as the Control group 
(N=8). Similar to our previous study (Ganzer et al., 2013), doses of drug (Sigma–Aldrich, 
St. Louis, MO) consisted of a combination of the 5-HT receptor agonists Quipazine and 
8-OH-DPAT (8-Hydroxy-2-(di-n-propylamino)tetralin).  Animals were handled daily. 
Exercise consisted of passive hindlimb bicycling given three times per week beginning at 
week 1 post-SCI and continuing for 8 weeks. Drugs were injected once per day 5 days 
per week beginning at week 2 post-SCI and continuing for 8 weeks. Locomotor 
assessment was performed at week 8 post-SCI using the BBB scale (see Figure 3.1 A for 
experimental timeline). During week 9 post-SCI, animals were anesthetized and the 
primary motor cortex was mapped to identify changes in motor representations. Cortical 
reorganization was evaluated and compared across groups using two metrics: 1) 
quantification of the cortical area occupied by a movement representation expansion 
within the deafferented cortex (Area (mm
2
)) and 2) quantification of the average 
probability of a movement within intact cortex (Average Responsiveness Score).  
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Transection Procedure and Animal Care 
Adult female Sprague-Dawley rats weighing 250-300g were used for this study. A 
subset of these animals received a complete mid-thoracic transection at spinal level 
T8/T9. Briefly, animals were anesthetized with 5% isoflurane and 2-liters of oxygen and 
maintained at 2-3% isoflurane with 1-liter oxygen for the duration of the surgery. A 
laminectomy at the T8/9 level exposed one spinal cord segment. A #10 scalpel blade was 
used to open the dura and pia mater and #11 scalpel blade was used to make the complete 
transection of the spinal cord. A fine-tipped microaspiration device was then used to 
remove 2-3 mm of spinal cord. A collagen matrix, Vitrogen (Cohesion Technology, 
Encinitas, CA), was injected into the site of the transection. Following recovery from 
surgery, animals were given an IM injection of the antibiotic Pen-G and 5 ml of lactated 
ringer subcutaneously animals and returned to their home cages.  
Animals were housed 2 per cage with highly absorbent Alpha-Dri bedding 
(Shepherd Specialty Papers Inc. Kalamazoo, MI) and cages were kept on warm water 
blankets. Animals were housed under a 12h light/dark cycle (lights on at 07:00) with ad 
libitum access to food and water. In addition, bladder care was given 3 times daily for 2 
weeks or until bladder control was regained. If a rat exhibited any sign of infection, it was 
given subcutaneous injections of Baytril (0.06 mg/kg) once a day for 7 days. 
 
Drug Administration 
Drugs were obtained from Sigma and dissolved in sterile physiological saline. 
Quipazine was injected intraperitoneally and 8-OH-DPAT subcutaneously (Ganzer et. al, 
2013). 5-HT+Bike animals were injected once per day 5 days per week beginning at 
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week 2 post-SCI and continuing until week 8 post-SCI. The 2 week lag time post injury 
allowed time for 5-HT receptor upregulation (Kim et al., 1999) in the spinal cord caudal 
to the lesion. Our chosen dose of drug was a combined injection of 0.125 mg/kg of 
quipazine (1 ml/kg) and 0.125 mg/kg of 8-OH-DPAT (1 ml/kg), as this dose has been 
shown to have a maximal effect on cortical reorganization (Ganzer et al., 2013). Sham 
and Bike animals received sham drug (saline injections). 
 
Passive Exercise Administration 
Passive bicycling exercise therapy started one week after spinal transection. Bike 
and 5-HT+Bike animals received exercise three times a week (Monday, Wednesday and 
Friday) using a custom built motor-driven cycling apparatus (Murphy et al., 1999; 
Graziano et al., 2013). Rats were suspended horizontally with their feet secured to the 
pedals. Cycling speed was maintained at 45 revolutions/min and each exercise bout 
consisted of two 30-min exercise periods with a 10-min rest period in between. Sham 
exercise consisted of placing the animals on the bicycles for 70 minutes while the pedals 
were stationary. 
 
Behavioral Assessment 
Behavioral assessment using the BBB scale was performed on Sham, Bike and 5-
HT+Bike animals. BBB scoring was performed at two time points: 1) 8 weeks post-SCI 
immediately after drug administration (on-drug) and 2) 8 weeks post-SCI after a 3 day 
wash-out period (off-drug). Sham animals received a challenge dose of drug during the 
on-drug testing period. BBB scoring was used to test open-field hindlimb locomotor 
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function (Basso et al., 1995). Hindlimb motor activity was evaluated for 4 min in a 2.5×3 
ft diameter enclosure and scored by two trained observers with an interrater reliability 
≥95%. BBB scores from 0 to 8 are non-weight supporting, while scores of 9 to 21 
indicate some degree of hindquarter weight support with weight-supported stepping. 
 
ICMS mapping procedure 
During week 9 post-SCI, movement representations in motor cortex were 
assessed using intracortical microstimulation (ICMS) in the four groups: Control, Sham, 
Bike and 5-HT+Bike. Animals were anesthetized with an IP injection of a combination of 
Ketamine (50 mg/kg), Xylazine (5 mg/kg) & Acepromazine (0.75 mg/kg) and placed in a 
stereotaxic frame.  Dexamethasone (5 mg/kg, IM) was administered to reduce cortical 
swelling. Supplemental doses of anesthetic were administered as needed.  Craniotomies 
were performed over the right or left cortex to expose: 1) the medial post-bregma area 
(MPBA) and the caudal forelimb area (CFA) (stereotaxic coordinates for craniotomy: 
from 2 mm anterior and 3 mm posterior to bregma & from 1 to 4 mm lateral) or 2) the 
caudal forelimb area (CFA) and the rostral forelimb area (RFA) (stereotaxic coordinates 
for craniotomy: from 0 mm to 5 mm anterior and 1 to 4 mm lateral) (Figure 3.1 B). 
Electrode penetrations were defined using stereotaxic coordinates (Leergaard et al., 
2004). Care was taken to avoid damaging surface cortical vasculature during mapping.  
A low impedance glass-insulated tungsten microelectrode (100-500 kΩ; FHC 
Inc.; Bowdoin, ME) was mounted on a stereotaxic electrode manipulator.  In order to 
assess microstimulation waveform quality, a 100 kΩ resistor was connected to a 
grounding screw adjacent to the craniotomies in series with the stimulator (AM systems; 
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Sequim, WA).  The dura was removed and the microelectrode was lowered, 
perpendicular to the surface of the brain, to penetrate the pia.  The microelectrode was 
then slowly inserted into the brain to a depth of ~1,600 µm, corresponding to cortical 
layer V/VI. Electrode penetrations were made at 500-700 µm intervals within the MPBA. 
Stimulation parameters consisted of 0.2 ms duration constant current bipolar pulses 
(anodal leading), at 333Hz in trains of 300 ms duration. At each penetration site, the 
stimulation current gradually increased from 0 µA until a movement was evoked (current 
threshold). Movement type was then defined using visual inspection. Penetrations were 
marked as non-responsive when no movement could be evoked at ≤ 100 µA.  
Evoked movements were classified into the following movement types at 10 µA 
above their current threshold. There were 6 categories of simple movement types 
(movements around one joint): digits [e.g. grasp], forelimb [FL; e.g. elbow flexion], 
forelimb trunk [FLT; e.g. shoulder adduction], axial trunk [e.g. lateral flexion of the 
vertebral axis], hindlimb [e.g. hindlimb flexion] & vibrissae/face [e.g. whisker]; and two 
categories of complex movements (movements around two joints): FL+Digits (e.g. reach 
& grasp) and FLT+FL (e.g. shoulder adduction & elbow flexion).  
Not surprisingly all Hindlimb, Digit, Forelimb, Forelimb Trunk, Forelimb 
Trunk+Forelimb and Forelimb+Digit movements always occurred contralateral to the 
hemisphere receiving ICMS due to the decussation of the pyramids in the caudal medulla. 
Interestingly, axial trunk movements were both contralateral and ipsilateral to the 
hemisphere receiving ICMS. Therefore, axial trunk movements were visually classified 
as evoking either a unilateral or bilateral movement (i.e. axial movement either not 
47 
 
crossing or crossing the midline, respectively) at 10 µA above their current threshold. 
Experimenters were blind to the group of the animal during the mapping procedure. 
 
Perfusion & Histology of the Spinal Cord 
After ICMS mapping, animals were perfused transcardially with buffered saline 
(100 mL), followed by buffered 4% paraformaldehyde in 0.2 M PBS (500 mL). The brain 
and spinal cord were then removed, post-fixed in the same buffered 4% 
paraformaldehyde for 24 hours and finally cryoprotected in 30% sucrose until the tissue 
sank. Specimens were frozen in Shandon M-1 Embedding Matrix compound (Thermo 
Scientific) and sectioned on a freezing microtome at 40 µm. The transection segments of 
the spinal cord were sectioned horizontally, and every fifth section was Nissl–myelin 
stained. The resulting sections were examined under a microscope to confirm 
completeness of the transection (Figure 3.1 C). The average extent of the lesion for all 
animals was 6.26 ± 0.22 mm (mean ± S.E.M.), and there were no differences in the 
Figure 3.1. Experimental timeline and motor mapping after complete spinal cord injury. A. 
Experimental timeline depicting therapy administration and motor mapping events. B. Depiction of the 
boundaries of the medial post-bregma area (MPBA), caudal forelimb area (CFA) & rostral forelimb area 
(RFA) in rat sensorimotor cortex with an overlay of stereotaxic coordinates used during motor mapping. 
C. Photomicrograph of a completely transected spinal cord (Nissl/Myelin stain; scale bar 1 mm). 
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rostrocaudal extent of the lesions between any spinalized group.  
 
Data Analysis 
Cortical Reorganization 
The expansion of intact axial motor representations into the deafferented hindlimb 
motor cortex was assessed by calculating the area (mm
2
) devoted to a movement type 
(e.g. axial trunk or hindlimb; see above) using custom MATLAB algorithms.  Only maps 
which included a consistent 500-700 µm electrode penetration grid were included. 
Penetrations evoking a motor response were counted as occupying 0.250 mm
2
 similar to 
previous studies (Ramanthan et al., 2009).
 
Small shifts in this grid, due to avoiding 
surface cortical vasculature during mapping, were corrected for during processing. For 
example, following from the principle that a penetration evoking a movement occupies 
0.250 mm
2, interpolations were performed in order to “fill” the small gaps or overlaps in 
shifted electrode penetration grids. The total cortical area dedicated to either axial trunk 
or hindlimb movements was then calculated. Axial trunk movements were visually 
classified as evoking either a unilateral or bilateral movement (see ICMS mapping 
procedure section). The Proportion of Penetrations Evoking Bilateral Axial Trunk 
Movements was calculated as the ratio of penetrations evoking bilateral axial trunk 
movements to the total number of penetrations evoking both unilateral and bilateral axial 
trunk movements within an animal. 
In order to assess reorganization within intact regions of the motor cortex that 
normally evoke movements above the level of the lesion (i.e. CFA and RFA), the 
Average Responsiveness Score (Girgis et al., 2007) was calculated. The CFA and RFA 
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were divided into contiguous 250 µm
2
 blocks (CFA = 16 blocks; RFA = 12 blocks). 
Within a single block, the percentage of penetrations eliciting a given movement type 
(see ICMS mapping procedure) was calculated. This percentage, and therefore the block, 
was then given a score of 0-3 (0 = 0%; 1 = 1 – 33%; 2 = 34 - 66%; 3 = 67 – 100%). For 
example, if within a block 1 penetration elicited a forelimb movement and the block was 
stimulated a total of 4 times, this would yield a percentage of 25% which equates to a 
score of 1. A score was calculated only for blocks that were stimulated at least twice. If a 
block was stimulated once or not at all, the score for that spot was taken as the average of 
all adjacent spots. The Average Responsiveness Score for a movement type was then 
calculated as the average score (e.g. 0-3) across all blocks. This was performed separately 
within the CFA and RFA for each movement type, excluding vibrissae/face movements, 
and was compared across groups.  
 
Locomotor Assessment 
 BBB scores of 8 or lower correspond to non-weight supported locomotor 
behaviors (NWS BBB), whereas BBB scores of 9 and above correspond to weight 
supported locomotor behaviors (WS BBB). For each group, the ratio of NWS BBB 
scores to WS BBB scores was calculated.  
Correlation between MPBA Cortical Reorganization Measures and BBB scores 
 Each animal’s Axial Trunk Motor Area and Proportion of Penetrations Evoking 
Bilateral Axial Trunk Movements were separately correlated to its week 8 on drug BBB 
score. This was performed using data from all spinally injured groups. 
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Statistical Analysis 
Normality tests were performed for each analysis to determine if parametric or 
nonparametric statistics should be used. All analyses of variance (ANOVA and 
MANOVA) were performed with SPSS v18 (IBM). All regression analyses were 
performed with Graphpad Prism. 
Effects of group on cortical reorganization assessing the expansion of intact axial 
representation into the deafferented MPBA were evaluated using a one-way MANOVA. 
Hinblimb area and axial trunk area were the dependent variables. Effects of group on 
cortical reorganization within the intact CFA and RFA were each evaluated using a one-
way MANOVA. Average Responsivesness Score for Digits, Forelimb, Forelimb Trunk, 
Forelimb Trunk+Forelimb and Forelimb + Digits were the dependent variables. For all 
three MANOVAs, the independent variable was Therapy Group with four levels: 
Control, Sham, Bike and 5-HT+Bike. Tukey's post-hoc test was used to determine 
differences between groups. An alpha level of 0.05 was accepted for significance. 
Effects of group on BBB score were evaluated using a two-way ANOVA 
followed by a Tukey’s post-hoc test. An alpha level of 0.05 was accepted for 
significance. Bonferroni corrected two proportions tests were used for NWS and WS 
BBB data. An alpha level of 0.025 was accepted for significance. 
Correlations were tested using Pearson's correlation (p<0.05 for significance). 
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3.3. RESULTS 
5-HT pharmacotherapy combined with Exercise promotes the expansion of axial trunk 
motor cortex within the MPBA  
To determine the impact of SCI and therapy on the organization of motor 
representations within the largely deafferented MPBA, an ICMS mapping procedure was 
performed across the four groups (Control, n=5; Sham n=5; Bike, n=4; 5-HT+Bike, n=6). 
As expected (Giszter et al., 1998 & 2008), in uninjured Control animals ICMS in the 
MPBA produces movement of the hindlimbs and axial trunk (Figure 3.2 A).  The area 
devoted to axial trunk (0.49 ± 0.002 mm
2
) is small relative to the area devoted to the 
hindlimbs (1.53 ± 0.13 mm
2
) and is adjacent to the forelimb motor cortex rostrally and 
the vibrissae motor cortex medially.  There is also significant overlap of the hindlimb 
motor cortex with the hindlimb sensory cortex laterally.  
As expected, after SCI, responses of hindlimbs to ICMS are eliminated regardless 
of therapy. In Sham and Bike animals, this putative hindlimb cortex is either silent (no 
movements are elicited) or is invaded by the vibrissae cortex with some expansion of the 
forelimbs cortex, especially for Bike animals (Figure 3.2 A). However, for animals that 
receive 5-HT+Bike therapy, there is extensive expansion of the axial trunk motor 
representation into the putative hindlimb cortex with smaller invasion from vibrissae and 
forelimb/digits.  These data are consistent with earlier studies of severe yet partial 
thoracic injuries showing expansion of face (Tandon et al., 2013) or forelimbs (Ghosh et 
al., 2010) into hindlimb cortex in the absence of therapy. 
A more quantitative analysis assessing the area of cortex devoted to different 
movement representations (Ramanathan et al., 2009) showed that 5-HT+Bike therapy 
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promoted a significant increase in axial trunk area (0.95 ± 0.1 mm
2
) compared to Bike 
(0.24 ± 0.14; p<0.001), Sham (0.3 ± 0.9; p<0.001) and Control (0.49 ± 0; p<0.05) groups 
(Figure 3.2 B). Therefore, a combination of 5-HT and exercise therapy after complete 
SCI promotes the expansion of axial trunk control into cortex formerly controlling 
hindlimb movements.  
Axial trunk movements produced by ICMS were of two varieties: those evoking 
either ipsilateral or bilateral axial movements. In uninjured Control animals, all axial 
trunk movements were bilateral (100 ± 0 %). After SCI, this bilateral cortical control of 
axial trunk was disrupted such that there was a significant reduction in Sham animals 
(12.5 ± 12.5 %; p<0.001; Figure 3.2 C). 5-HT+Bike therapy reversed this trend such that, 
compared to Sham animals, 5-HT+Bike animals had significantly more cortex generating 
bilateral movements (62 ± 10 %; p<0.05), partially restoring this bilateral cortical control 
of axial trunk seen in Control animals. Therefore, SCI eliminates cortical control of the 
hindimbs and reduces axial trunk control to predominately ipsilateral activation of the 
axial trunk musculature. 5-HT pharmacotherapy combined with Bike exercise results in 
expansion of the axial trunk musculature and restoration of bilateral axial trunk control. 
 
5-HT pharmacotherapy combined with Exercise promotes more complex movements 
within the CFA  
To determine the impact of SCI and therapy on the organization of motor 
representations within the intact CFA, an ICMS mapping procedure was again performed  
across the four groups (Control, n=8; Sham n=7; Bike, n=8; 5-HT+Bike, n=8). As 
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Figure 3.2. Cortical Reorganization within the MPBA. A. Raw data showing electrode penetrations 
color coded by movement type across all groups. B. As expected, complete spinal cord transection 
abolished the hindlimb representation in all spinalized groups. Administration of 5-HT pharmacotherapy 
and exercise promoted a significantly greater expansion of the axial trunk representation compared to all 
groups. C. Administration of 5-HT pharmacotherapy and exercise partially restored the Proportion of 
Penetrations Evoking Bilateral Axial Trunk Movements. # different from Control at p<0.05; ** different 
at p<0.01, *** at p<0.001. 
 
B. C. 
54 
 
previously described for uninjured Control animals (Ramanathan et al., 2006), the CFA 
contains cortex dedicated to control of simple (movement around one joint) and complex 
(movement around two joints) forelimb movements (Figure 3.3 A). After SCI, Sham and 
Bike therapy had little noticeable effect on this CFA organization. However, 5-HT+Bike 
therapy induced a clear reduction in simple Forelimb movements, which were replaced 
by complex movements about multiple joints of the forelimb trunk and forelimb (Figure 
3.3 A). 
To better understand these effects, a quantitative measure of the changes within 
the CFA was made using average responsiveness score (Girgis et al., 2007) that assesses 
the percentage of sites that elicit a specific movement type (see Methods).  There were 
small but significant changes for movement type for both Sham and Bike therapy groups 
(Figure 3.3 B). Sham animals showed a loss of simple movements of the forelimb and a 
trend toward a loss of complex movements about the Forelimb and Digits. Bike animals 
showed a significant loss of simple movements of the Digits and complex movements 
about the Forelimb and Digits. However, for 5-HT+Bike therapy animals, the changes 
were surprisingly extensive.  5-HT+Bike therapy induced a significant reduction in 
Forelimb movements (0.19 ± 0.1 %; p<0.05 vs. Bike; p<0.001 vs. Control). Interestingly, 
this loss was replaced by complex movements about the Forelimb Trunk and Forelimb 
(0.94 ± 0.24; p<0.001 vs. Control and Sham; p<0.01 vs. Bike; Figure 3.3 B). Therefore, 
after SCI reorganization within the intact CFA does occur. More importantly, therapy can 
induce significant changes that, in this case, favor complex forelimb movement synergies 
involving the proximal shoulder and forelimb musculature. 
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Control animals (Figure 3A), ICMS in the RFA mainly elicits movements of the Exercise 
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Figure 3.3. Cortical reorganization within the CFA. A. Raw data showing electrode penetrations color 
coded by movement type across all groups. B. 5-HT pharmacotherapy and exercise induced a shift from 
simple movements involving the Digits or Forelimb to complex movements involving the Forelimb Trunk, 
Forelimb and Digits. # different from Control at p<0.05, ### at p<0.001; * different at p<0.05, ** at p<0.01. 
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5-HT pharmacotherapy combined with Exercise promotes extensive reorganization 
within the RFA  
To identify any reorganization of motor representations within the intact RFA, an 
ICMS mapping procedure was again performed across the four groups (Control, n=4; 
Sham n=4; Bike, n=4; 5-HT+Bike, n=5). Similar to previous studies (Kleim et al., 2011), 
in uninjured Control animals the RFA is mainly dedicated to movements of the forepaw 
(Figure 3.4 A). After SCI, Sham and Bike therapy had little effect on RFA organization 
similar to that seen in the CFA. However, 5-HT+Bike therapy induced clear changes in 
RFA organization resulting in a loss of simple movements of the digits that were replaced 
by complex movements that included the forelimb and forelimb trunk.   
When these changes were quantified with the average responsiveness score (see 
Methods), these observations were confirmed (Figure 3.4 B). Sham animals showed no 
significant changes in organization but Bike animals showed an increase in complex 
movements about the forelimbs and digits compared to Control animals. The dramatic 
loss of simple movements of the digits in animals that received 5-HT+Bike therapy was 
confirmed (0.25 ± 0.17; p<0.05 vs. Control and Sham) as was the increase in complex 
movements about the forelimbs and forelimb trunk (0.75± 0.27; p<0.01 vs. all groups; 
Figure 3.4 B). Therefore, cortex in the intact RFA, normally dedicated to controlling 
movements of the digits, can reorganize to control complex movements involving the  
proximal shoulder and forelimb musculature in animals that receive exercise combined 
with 5-HT pharmacotherapy after complete SCI. 
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p<0.01). Additionally, 5-HT+Bike animals achieved a significantly greater 
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Figure 3.4. Cortical reorganization within the RFA. A. Raw data showing electrode penetrations color 
coded by movement type across all groups. B. 5-HT pharmacotherapy and exercise induced a shift from 
simple movements involving the Digits to complex movements involving the Forelimb Trunk and 
Forelimb. # different from Control at p<0.05; * different at p<0.05, *** at p<0.001. 
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Changes in motor cortex organization are correlated to locomotor recovery outcome 
measures 
To understand the relevance of this cortical reorganization, we assessed the 
impact of therapy on locomotor recovery measures (the following data is repeated from 
Chapter 2; BBB data from Chapters 2 and 3 was grouped together for analysis). In the 
open field (Figure 3.5 A), there were no differences in the BBB score between Sham, 
Bike and 5-HT+Bike groups on drug (5-HT+Bike 8.05 ± 0.24; Bike 7.5 ± 0.34; Sham 
7.28 ± 0.46). Off drug 5-HT+Bike (5 ± 0.76) and Bike animals (4.25 ± 0.57) performed 
significantly better in the open field compared to Sham animals (1.21 ± 0.3). A closer 
examination of week 8 on drug BBB scores (Figure 3.5 B) revealed that 5-HT+Bike 
animals achieved a significantly greater proportion of WS BBB scores (7/15) compared 
to Bike (0/10; p<0.025) and Sham animals (0/14; p<0.025) which never achieved WS. 
Therefore, in the open field 5-HT+Bike therapy promotes significantly more weight 
supported locomotor behaviors on drug and better locomotor recovery off drug.  
In order to investigate the possible relationship between the recovery of 
locomotor ability and cortical reorganization, we correlated each animal’s week 8 on 
drug BBB score separately with its Axial Trunk Motor Area and Proportion of 
Penetrations Evoking Bilateral Axial Trunk Movements. This yielded significant 
correlations between week 8 on drug BBB scores and both Axial Trunk Motor Area 
(r
2
=0.4, p<0.05) and Proportion of Penetrations Evoking Bilateral Axial Trunk 
Movements (r
2
=0.59, p<0.01), suggesting that modifications to the cortical control of 
axial musculature is associated with locomotor recovery after SCI (Figure 3.5 C & D). 
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Figure 3.5. Locomotor Recovery and its relationship to cortical reorganization within the 
MPBA. A. During week 8 post-SCI, 5-HT+Bike and Bike therapy promoted a significant increase 
in off drug BBB score compared to Sham. There were no differences in on drug BBB score between 
groups. B. 5-HT+Bike animals achieved a significantly higher proportion of WS BBB scores 
compared to both Bike and Sham animals. C. & D. Both Axial Trunk Motor Area (C) and the 
Proportion of Penetrations Evoking Bilateral Axial Trunk Movements (D) were positively correlated 
to week 8 on drug BBB scores. * different at p<0.05; ** different at p<0.01. 
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3.4. DISCUSSION 
The findings in this thesis chapter show that after SCI, a combinatorial therapeutic 
intervention of 5-HT pharmacotherapy and passive bicycle exercise (5-HT+Bike) can 
promote significant cortical reorganization within the largely deafferented MPBA as well 
as the intact CFA and RFA. To our knowledge, this is the first time this has been shown 
in animals transected as adults. This reorganization favored the enhancement of the 
motoric representations of proximal musculature above the level of the lesion (i.e. axial 
and forelimb trunk) in all cortical areas mapped (MPBA, CFA & RFA). 5-HT+Bike 
therapy also promoted significant increases in unassisted open field weight-supported 
plantar placement of the hindpaw on drug and locomotor recovery measures off drug. 
These increases in locomotor ability were contributed to by: 1) the partial restoration of 
bilateral axial trunk control from cortex and 2) the overall cortical area devoted to axial 
trunk, shown by the positive correlation between these measures and BBB scores. Aside 
from the extensive motor cortical reorganization seen in 5-HT+Bike animals, the forepaw 
somatosensory representation also expands in this group (Chapter 2; Ganzer et al., 2013) 
showing that after a complete midthoracic spinal cord injury combinatorial therapeutic 
regimens can promote an almost complete rewiring of the deafferented hindlimb 
sensorimotor cortex (Figure 3.6), which contributes to the recovery of locomotor ability. 
Therapeutic interventions can induce changes to motor cortex topography which 
are related to recovery of function after stroke (Ramanathan et al., 2006; Conner et al., 
2005), traumatic brain injury (Axelson et al., 2013), and Parkinson’s disease (Plowman et 
al., 2011). We here extend the use of therapeutic interventions onto motor cortical  
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Figure 3.6.  Depiction of the rat sensorimotor cortex before SCI and after SCI and therapy. Cortical 
modules: HLM = Hindlimb motor; HLS = Hindlimb sensory; TM = Axial Trunk motor; FLM  = Forelimb 
motor; FLS = Forelimb sensory. In 5-HT+Bike animals (bottom right map), the deafferented HLM and HLS 
(gray outlines) almost completely rewire to encode for FLS (blue expansion) and TM (red expansion). 
Small overlap between the new FLS and TM representations in purple. Sham and Bike therapies promoted 
little to no cortical reorganization. Maps contain data repeated from Chapter 2, and are based on data across 
animals within a group. 
Bike
Control Sham 
5-HT+ Bike
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reorganization after complete SCI as an adult. These data are consistent with earlier 
studies in adult rats spinalized as neonates, showing that therapeutic interventions can 
induce an expansion of intact trunk motor cortex into the deafferented hindlimb cortex 
which is associated with locomotor improvement (Giszter et al., 1998 & 2008). The 
therapeutic interventions of passive bicycling and chronic 5-HT pharmacotherapy after 
adult SCI may introduce a more plastic state to sensorimotor cortex, similar to that seen 
during neonatal stages of life. Graziano et al. recently showed that passive bicycling 
exercise after adult SCI consistently increased the plasticity related proteins ADCY1 and 
BDNF in sensorimotor cortex, which also led to an increase in somatosensory cortical 
reorganization (Graziano et al., 2013). In this and the previous thesis chapter, we show 
that adding chronic 5-HT pharmacotherapy to passive bicycling therapy further increases 
the cortical reorganization within the somatosensory and motor cortex (i.e., 5-HT+Bike 
therapy promotes significantly greater amounts of cortical reorganization than Bike 
therapy alone; Figure 3.6). This increase in cortical plasticity, and subsequent locomotor 
recovery, may be due to both molecular and activity dependent plasticity mechanisms. 
Future studies using advanced molecular techniques will be needed to fully understand 
the molecular substrates of 5-HT and exercise induced cortical plasticity. 
Although this study showed that the axial trunk motor representation expands into 
the largely deafferented MPBA (i.e. at the level of cortex), subcortical contributions may 
be contributing to these changes as well. In the uninjured rat, the corticospinal projection 
system courses through and provides axonal innervation to many structures before 
terminating in the spinal gray matter (for review see Canedo et al., 1997). It is estimated 
that roughly 90% of the corticospinal efferents comprise the crossed dorsal CST, where 
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roughly 10% comprise the uncrossed ventral CST. However, it has been suggested that 
axial muscles receive a larger portion of uncrossed CST fibers (Jankowska & Edgley, 
2006; also Anand & Hotson, 2002; Colebatch, Rothwell, Day, Thompson, & Marsden, 
1990; Ferbert, Caramia, Priori, Bertolasi, & Rothwell, 1992;; Nathan, Smith, & Deacon, 
1990), which can contribute to the bilateral trunk control from cortex seen in humans 
(Wightman et al., 2011; Strutton et al., 2004), monkeys (Montgomery et al., 2013) and 
rats (Giszter et al., 1998). In fact, the uncrossed ventral CST (in the rat) may mainly 
emanate from the trunk/hindlimb motor cortex (Brosamle et al., 1997) and its plasticity 
has been shown to contribute locomotor recovery after SCI (Steward et al. 2008). 
Importantly, the partial restoration of bilateral axial trunk control seen in 5-HT+Bike 
animals, which is correlated to open field locomotor ability, may involve the direct and 
indirect CST pathways. In 5-HT+Bike animals, the axial trunk motor representation 
undoubtedly expands caudally into the former hindlimb motor cortex. Previous work 
using fMRI and tract tracing techniques has shown that after midthoracic dorsal 
hemisection in the rat, the axotomized corticospinal hindlimb neurons played a large role 
in the transient cortical reorganization (Ghosh et al., 2010). The axotomized corticospinal 
hindlimb neurons along with the spared original axial trunk motor representation are 
likely to be largely responsible for the new expanded axial trunk motor circuits seen in 5-
HT+Bike animals. Due to the nature of axial trunk motor control, the cortico-reticulo-
spinal system, along with other brainstem nuclei involved in postural control (for review 
see Deliangina et al., 2008), may also be a subcortical substrate involved in the increased 
cortical control of the long axial trunk muscles.  Future studies using tract tracing 
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techniques will shed new light on the complex neuroanatomical substrates of rewiring 
motor cortex after SCI.  
In the intact CFA and RFA, 5-HT+Bike therapy promoted a general decrease in 
simple movements, which were partially replaced by complex movements about the 
shoulder and forelimb (FLT+FL). The complex movements evoked in this study may be 
similar to the “behaviorally relevant” movements seen in previous ICMS studies, which 
used almost identical ICMS parameters (Ramanathan et al., 2006). In general, short-
duration ICMS (10-100 ms) may be unable to reveal behaviorally relevant movement 
cascades encoded in motor cortex, due to the mismatch in short-duration ICMS 
stimulation and the duration of behaviors in-vivo (Graziano et al., 2002a, 2002b, 2002c, 
2004a & 2004b). However, other studies have suggested that long-duration ICMS may 
lead to non-specific current spread from the electrode and consequent aberrant movement 
cascades (Cooke et al., 2004a & 2004b). Previous studies have shown that this may not 
be the case. Ramanathan et al., (2006) showed that all complex movements evoked by 
long suration ICMS involved behaviorally relevant movement sequences (i.e. all 
FL+Digit movements were grasp then retract, not vice versa). Therefore, future studies 
aimed at revealing the relationship between motor cortex outputs and behavior may be 
best suited to utilize long-duration ICMS (300-1000 ms) that facilitates polysynaptic 
activation of motor pathways and subsequent behaviorally relevant movement types. In 
5-HT+Bike animals, the increased representation of the multi-joint FLT+FL movements 
along with the increased cortical control of axial trunk movements may promote 
increases in balance and axial stability during locomotor behaviors. In the 5-HT+Bike 
animals, this new cortical control of proximal musculature in addition to the increased 
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cortical representation of the glabrous forepaw (Chapter 2; Ganzer et al., 2013; also see 
Figure 3.6) would then allow for the significant increases in open field locomotor ability.  
Therefore, motor control of proximal musculature and the increased somatosensory drive 
from the forepaw are two major substrates of new supraspinal control strategies that can 
indirectly guide the sensorimotor elements below the level of the SCI and promote 
locomotor recovery. 
The correlation between cortical reorganization measures in the MPBA (Axial 
Trunk Motor Area and Proportion of Penetrations Evoking Bilateral Axial Trunk 
Movements) and open field locomotor recovery (BBB scores) is intriguing. Axial trunk 
control is responsible for movements about the vertebral axis (e.g. lateral flexion and 
torsion of the trunk), and is essential for posture and locomotion. Additionally, axial 
trunk can act to mechanically couple movements of the forelimbs and hindlimbs through 
stiffening of the vertebral axis (Giszter et al., 2007 & 2010; Desroches et al., 2013), and 
after a midthoracic SCI as a neonate may be essential for locomotor recovery (Giszter et 
al., 2008). Additional cortical control of axial musculature may act to stiffen the trunk 
and indirectly lift the hindlimbs, eventually leading to weight-supported stepping. Similar 
to previous studies (Chapter 2; Ganzer et al., 2013), 5-HT pharmacology may be acting 
above and below the level of the SCI to promote recovery, again suggesting positive 
effects on plasticity through independent distributed mechanisms. An assessment of the 
neurophysiological dynamics of this new sensorimotor cortical circuit (Figure 3.6) is 
needed in order to fully understand its role in awake behaving locomotion after SCI. 
Recent studies using combinatorial interventions (pharmacology, epidural spinal 
stimulation and locomotor training) after SCI have suggested active participation in 
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training (over ground locomotion towards a food reward) may be necessary to promote 
significant plasticity and cortically mediated recovery following SCI (van den Brand et 
al., 2012). Here we show that significant cortical reorganization associated with locmotor 
recovery can be promoted without an “active participation” (i.e. self-initiated over ground 
locomotor training) in therapy. Although there are differences in the therapeutic 
interventions across these two studies, there is no doubt that cognitive engagement in a 
therapy after injury is a significant clinical issue. From a translational perspective, these 
data provide the rationale for developing and optimizing both non-pharmacological 
(active and passive exercise) and pharmacological (serotonin) therapeutic strategies to 
promote cortical reorganization. 
In conclusion, the work in this thesis chapter has shown that a combination of 
therapeutic interventions (5-HT+Bike), and not single (Bike) interventions, are sufficient 
to promote significant reorganization within the motor cortex which is relevant for 
recovery of locomotor ability. Of course, any causal relationship between cortical 
reorganization and recovery remains to be seen. Assessing this relationship would require 
detailed lesioning studies of the new sensorimotor cortical circuits (see next thesis 
chapter). Additionally, future studies should aim to pair these therapeutic interventions 
with locomotor training (e.g. body-weight-supported treadmill training) to potentially 
promote further gains in locomotor ability after SCI. Although the main focus of thesis 
chapters 2 and 3 have been assessing the cortical substrates of recovery after SCI, the 
activation of the thoracolumbar CPG and other sensorimotor elements below the level of 
the lesion undoubtedly play a role in the recovery process as a whole. 
 
67 
 
Chapter 4. Effects of Lesioning the Reorganized Cortical Circuitry on Locomotor 
Recovery 
 
Specific Aim III: Identify the effect of lesioning the newly reorganized sensorimotor 
cortex on locomotor recovery. 
 
Hypothesis: Lesioning the reorganized sensorimotor cortex after 5-HT pharmacotherapy 
and exercise therapy will significantly reduce the achieved locomotor recovery, showing 
that cortical reorganization is a major contributor to recovery of locomotor ability after 
complete spinal transection. 
 
4.1. INTRODUCTION 
 In Thesis Chapters 2 and 3, we showed that in adult rats transected as adults, 
chronic administration of serotonergic (5-HT) pharmacotherapy and passive bicycling 
exercise can promote modest gains in locomotor recovery.  In these animals, both the 
area of motor cortex devoted to axial trunk and the magnitude of bilateral axial trunk 
control from cortex was positively correlated to open field locomotor ability (Chapter 3). 
This relationship of axial trunk control from cortex with locomotor recovery is in 
agreement with previous studies in the neonatally injured rat (Giszter et al., 1998 & 
2008). But it remains unclear whether these cortical changes are causal to locomotor 
recovery or simply just correlated. 
 In normal uninjured animals, the motor cortex is involved in executing voluntary 
motor behaviors (for review see Sanes & Donoghue, 2000) and correcting ongoing 
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locomotion (Barthelemy et al., 2011; Drew et al., 2008). Until recently, the involvement 
of cortex in recovery after spinal cord injury (SCI) has been suspected to be slight. 
Recent studies in the rat (Sydekum et al, 2013; Ganzer et al., 2013; van den Brand et al., 
2012; Giszter et al., 2008) have suggested that the sensorimotor cortex may play a larger 
role in recovery than previously thought. Also, studies have been performed to assess the 
role of motor cortex in locomotion (Bretzner & Drew, 2005; Muir & Wishaw, 1999), but 
it has yet to be established whether cortical reorganization after adult SCI plays a role, if 
at all, in locomotor recovery. The cortical modifications shown in Thesis Chapters 2 and 
3 presumably equate to increases in forelimb ability and axial balance, which can assist in 
indirectly guiding and aligning the hindlimb sensorimotor elements below the level of the 
injury during locomotion, as suggested in previous works (Sydekum et al., 2013; 
Martinez et al., 2009; Giszter et al., 2008 & 2010). Removal of this new cortical control 
could potentially disrupt this indirect communication between the upper and lower halves 
of the body and ultimately locomotor recovery after SCI, but may require sensitive 
locomotor assessments (Muir & Wishaw et al., 1999). 
 In normal animals, the cortex within the MPBA is mainly involved in 
hindlimb/trunk sensorimotor processes. After adult SCI, the magnitude of cortical 
reorganization within this largely deafferented/deefferented module is positively 
correlated to the recovery of locomotor ability (Ganzer et al., 2013; Chapters 2 and 3). 
This reorganization is comprised of de novo representations (i.e. hindlimb cortex rewiring 
to process forelimb and axial trunk information) and is largely silent if no therapeutic 
intervention is administered after SCI (i.e. Sham therapy). In fact, after SCI and Sham 
therapy the MPBA contains little to no intact cortical representations (see Figure 3.6, 
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Chapter 3). Therefore, stereotaxic ablation can silence the cortex, returning it to a state 
similar to that of a Sham animal, which can be used to assess its role in cortical 
reorganization after SCI.   
 In this Thesis Chapter we hypothesized that the cortical reorganization shown in 
Thesis Chapters 2 and 3 is necessary for locomotor recovery after SCI. In order to assess 
this, we first performed high resolution ICMS mapping of the MPBA (Chapter 3) to 
establish the location and potential expansion of the axial trunk motor representation 
during week 12 post-SCI. Next, we performed sensitive locomotor assessments in 
uninjured (Control) and spinalized rats (receiving Sham and 5-HT+Bike therapy) before 
and after a stereotaxically guided cortical lesioning procedure. Our locomotor 
assessments were comprised of quantifying the 1) bilateral plantar weight supported 
stepping ability on the treadmill and 2) unassisted locomotor ability in the open field. In 
this Thesis Chapter, we will test the hypothesis that lesioning the reorganized 
sensorimotor cortex after therapy will significantly reduce the achieved locomotor 
recovery, shedding light on cortical reorganization’s contribution to recovery of 
locomotor ability after complete SCI. 
 
4.2. METHODS 
Experimental Design 
Animals that received a thoracic spinal transection were divided randomly into 
two groups: 1) animals receiving sham drug and sham exercise therapy (Sham; N=12), 2) 
those receiving both drug and exercise therapy (5-HT+Bike; N=12)(Figure 4.1). A subset 
of the Sham (N=4) and 5-HT+Bike animals (N=11) as well as uninjured Control (N=4) 
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animals received a bilateral cortical lesion within the MPBA and were assessed for 
locomotor performance following the procedure (see below). Similar to previous thesis 
chapters (Chapters 2 & 3; also Ganzer et al., 2013), doses of drug (Sigma–Aldrich, St. 
Louis, MO) again consisted of a combination of the 5-HT receptor agonists Quipazine & 
8-OH-DPAT (8-Hydroxy-2-(di-n-propylamino)tetralin).  Animals were handled daily. 
Exercise consisted of passive hindlimb bicycling given three times per week beginning at 
week 1 post-SCI and continuing for 14 weeks. Drugs were injected once per day 5 days 
per week beginning at week 2 post-SCI and continuing for 14 weeks. Locomotor 
assessment was performed at weeks 8, 12 and 14 post-SCI. During week 12 post-SCI, 
animals were anesthetized and the primary motor cortex was again mapped to identify 
changes in motor representations. Cortical reorganization was evaluated and compared 
across groups by quantifying the cortical area occupied by a movement expansion within 
the deafferented cortex (Area (mm
2
)). Locomotor recovery was assessed using the BBB 
scale and video evaluation of treadmill locomotion. 
 
Transection Procedure and Animal Care 
(see chapter 3 methods) 
 
Passive Exercise and Drug Administration 
(see chapter 3 methods) 
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ICMS Mapping and Cortical Lesioning Procedure 
During week 13 post-SCI, motor representations in the MPBA were assessed 
using intracortical microstimulation (ICMS) in the two groups: Sham and 5-HT+Bike. 
Cortical lesioning only was performed in age matched Control animals (N=4). Similar to 
chapter 3 (for details see chapter 3 ICMS mapping methods section), animals were 
anethesitized and placed in a stereotaxic frame. Craniotomies were performed over the 
right and left cortex to expose the medial post-bregma area (MPBA) and the caudal 
forelimb area (CFA) (stereotaxic coordinates for craniotomy: from 2 mm anterior and 3 
mm posterior to bregma & from 1 to 4 mm lateral). Electrode penetrations were defined 
using stereotaxic coordinates (Leergaard et al., 2004). Care was taken to avoid damaging 
surface cortical vasculature during mapping.  
ICMS mapping methods to evoke and classify movements within the MPBA were 
identical to Chapter 3. After mapping the MPBA unilaterally, the dura and pia mater were 
removed bilaterally over the stereotaxic coordinates 2 mm lateral to midline and 1 mm 
posterior to bregma. Braided stainless steel wires (Teflon insulated, 1 mm exposed tips, 
100 kΩ impedance; A-M systems) were then lowered perpendicular into cortex to a depth 
of 1,600 μm (corresponding to layers V/VI; identical depth used during ICMS mapping). 
Electrolytic lesions were then delivered bilaterally using an A-M systems isolated 
stimulator (200 µA, square pulse, 20 second duration). Experimenters visually confirmed 
the electrolytic lesion during stimulation. The craniotomy was then filled with moist 
gelfoam, covered in dental acrylic cement, and the skin above was sutured closed. Triple 
antibiotic ointment was applied to the sutured area, and Baytril (0.2 mL; s.c.; Bayer) and 
Dextrose (10 mL; Baxter) were administered subcutaneously immediately following the 
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procedure. The animal was monitored until it achieved sternal recumbancy and was then 
placed on a warm heating blanket. Animal health was closely monitored and Baytril (0.1 
mL; s.c.; Bayer) and saline (5 mL) were administered daily for 5 days post-op. Therapy 
administration was resumed no sooner than 2 days post-op. Therapy continued until week 
14 post-SCI (Figure 4.1). 
 
Locomotor Assessment 
 Locomotor assessment, consisting of BBB scoring and treadmill testing (see 
below), was performed on Sham and 5-HT+Bike animals. Control animals were assessed  
once after the cortical lesion procedure. BBB scoring was performed at six time points: 1) 
week 8, 2) week 12 and 3) week 14 post-SCI immediately after drug administration (on-
drug); and 4) week 8, 5) week 12 and 6) week 14 post-SCI each after a 3 day wash-out 
period (off-drug). Treadmill testing was performed only during on drug time points (# 1-
3) immediately after BBB scoring. Sham animals received a challenge dose of drug 
during the on drug testing period. BBB scoring was used to test open field hindlimb 
locomotor function (Basso et al., 1995). Hindlimb motor activity was evaluated for 4 min 
in a 2.5×3 ft diameter enclosure and scored by two trained observers with an interrater 
reliability ≥95%. BBB scores from 0 to 8 are non-weight supporting, while scores of 9 to 
21 indicate some degree of hindquarter weight support with weight-supported stepping. 
To assess the frequency of weight supported stepping, Sham and 5-HT+Bike 
animals were placed in a body weight support system on a motorized treadmill during 
time points listed above. The body weight support (BWS) system allowed for precise 
control of BWS provided during assessment. Animals were not habituated to the 
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treadmill BWS apparatus prior to locomotor assessment. Step cycles and calculation of 
the percentage of plantar weight-supported steps (% Plantar WSS) were examined at 0% 
BWS during a 3 minute video recording. Similar to previous studies (Moxon et al., 2013) 
a step cycle was defined as a sequential flexion and extension of the hindlimb. We 
distinguished plantar weight-supported step cycles, in which the hindlimb was plantar 
placed and supported the hindquarters so that they were elevated above the surface of the 
treadmill during consecutive step cycles (bilaterally). All other steps were either 1) a non-
weight-supported step cycle during which the knee came in contact with the surface of 
the treadmill during the step cycle or 2) did not involve plantar placement. % Plantar 
WSS was defined as the total number of plantar hindlimb weight-supported step cycles 
taken during the first 100 forelimb step cycles.  
 
Tissue Perfusion and Lesion Volume Estimation 
 At the end of week 14 (Figure 4.1), animals were sacrificed (for details see 
Chapters 2 and 3 methods). The brain and spinal cord were removed, post-fixed, 
introduced to sucrose, blocked and frozen. For cortical lesion volume estimation, serial 
40 μm coronal slices through the sensorimotor cortex (tissue block = 1 mm anterior to 
and 3 mm posterior to bregma) were slide mounted and stained for Nissl and myelin. 
Photomicrographs of the cortical lesions in from each hemisphere were taken using bright 
field microscopy and processed in Image J. Five parameters were calculated for each 
lesioned hemisphere (units of μm): 1) Maximal depth of lesion, 2) maximal medio-lateral 
extent of lesion at Layer II/III (approximately 500 μm from pial surface) & 3) at Layer 
V/VI (approximately 1,500 μm from pial surface), and 4) maximal rostro-caudal extent of 
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lesion at Layer II/III & 5) at Layer V/VI. These 5 parameters were then averaged across 
hemispheres within an animal and compared across groups. 
 
Data Analysis  
Cortical Reorganization 
The expansion of intact axial motor representations into the deafferented hindlimb 
motor cortex was again assessed by calculating the area (mm
2
) devoted to axial trunk 
movements using custom MATLAB algorithms.  Only maps which included a consistent 
500 µm electrode penetration grid were included. For details refer to Chapter 3 ICMS 
mapping methods section. 
 
Locomotor Assessment 
 BBB scores of 8 or lower correspond to non-weight supported locomotor 
behaviors (NWS BBB), whereas BBB scores of 9 and above correspond to weight 
supported locomotor behaviors (WS BBB). For each group, the ratio of NWS BBB 
scores to WS BBB scores was calculated. Comparisons were made between Sham and 5-
HT+Bike groups. 
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Statistical Analysis 
Normality tests were performed for each analysis to determine if parametric or 
nonparametric statistics should be used. All analyses of variance were performed with 
SPSS v18 (IBM).  
Effects of group on cortical reorganization assessing the expansion of intact axial 
representation into the deafferented MPBA were evaluated using a one-way ANOVA. 
Axial trunk Area was the dependent variable. The independent variable was Therapy 
Group with three levels: Control, Sham and 5-HT+Bike. Control data was repeated from 
Chapter 3. Tukey's post-hoc test was used to determine differences between groups. An 
alpha level of 0.05 was accepted for significance. 
Effects of group on Locomotor Assessment measures were evaluated using Mann-
Whitney U tests separately for the BBB, Failure Point and % Plantar WSS data. A two 
proportions test was used for the NWS and WS BBB data. For each test, Sham was 
compared to 5-HT+Bike. An alpha level of 0.05 was accepted for significance. 
Correlations were tested using Spearman's correlations (p<0.05 for significance). 
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4.3. RESULTS 
5-HT pharmacotherapy combined with Exercise promotes the expansion of the axial 
trunk motor representation within the MPBA  
To determine the impact of extending therapeutic interventions to week 12 post-
SCI on the organization of motor representations within the MPBA, an ICMS mapping 
procedure was performed across the two groups (Sham, n=12; 5-HT+Bike, n=12). As 
expected, during week 12 post-SCI responses of the hindlimbs to ICMS are again 
eliminated regardless of therapy. In Sham animals, this putative hindlimb cortex is either 
silent (no movements are elicited) or is partially invaded by the vibrissae cortex (Figure 
4.2 A). However, for animals that receive 5-HT+Bike therapy, there is again an extensive 
expansion of the axial trunk motor representation into the putative hindlimb cortex with 
smaller invasion from vibrissae and forelimb representations.  
Figure 4.1. Experimental Timeline and Cortical Lesion Photomicrographs. A. Experimental 
timeline containing time points for starting therapeutic interventions (similar to chapters 2 & 3), 
locomotor assessment and cortical lesioning procedure (see methods 4.2 for details). B. Exemplar 
photomicrograph of a Nissl/myelin stained coronal brain slice through the sensorimotor cortical 
lesion with overlay of relevant cortical modules (adapted from Paxinos and Watson, ); note the 
lesion centered in primary motor cortex (M1); scale bar 2 mms. Photomicrograph of the 
lesioned/non-lesioned cortical border (C) and the lesion core (D); scale bars 500 µm.  
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A more quantitative analysis assessing the area of cortex devoted to axial trunk 
movement representations (Ramanathan et al., 2009) revealed that 5-HT+Bike therapy 
again promoted a significant increase in axial trunk area (0.95 ± 0.1 mm
2
) compared to 
Sham animals (0.3 ± 0.9; p<0.05) when assessed at week 12 post-SCI (Figure 4.2 B). 
Interestingly, 5-HT+Bike’s axial trunk area is significantly decreased at week 12 post-
SCI (p<0.05) compared to week 8 (week 8 data repeated from Chapter 3). Therefore, a 
combination of 5-HT and exercise therapy for 12 weeks post-SCI still continues to 
promote the expansion of the axial trunk representation compared to Sham animals, but 
to a significantly lesser extent compared to week 8.  
Axial trunk movements produced by ICMS were again of two varieties: those 
evoking either ipsilateral or bilateral axial movements. In uninjured Control animals all 
axial trunk movements were bilateral (100 ± 0 %). When assessed during week 12 post-
SCI, this bilateral cortical control of axial trunk showed a trend towards a decrease in 5-
HT+Bike animals (0.46 ± 0.17 %; not significant) compared to week 8 (0.68 ± 0.10; 
Figure 4.2 C). Similar to data from week 8, Sham animals still showed a significant 
reduction in the bilateral cortical control of axial trunk during week 12 (0.22 ± 0.16; 
p<0.05) compared to Control. Therefore, in Sham animals during week 12, SCI still 
eliminates the cortical control of the hindimbs and reduces axial trunk control to 
predominately ipsilateral activation. 5-HT pharmacotherapy combined with Bike 
exercise, when extended to week 12, again results in the expansion of the axial trunk 
representation but does not restore bilateral axial trunk control. 
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C. 
Figure 4.2. Cortical reorganization within the MPBA during weeks 8 and 12. Raw data 
showing electrode penetrations color coded by movement type across all groups. B. 
Administration of 5-HT pharmacotherapy and exercise promoted a significantly greater expansion 
of the axial trunk representation compared to all groups at Week 8 (repeated data from Chapter 3), 
but not at Week 12. In fact, there was a significant decrease in Axial Trunk area from Week 8 to 
Week 12. C. Administration of 5-HT pharmacotherapy and exercise partially restored the 
Percentage of Penetrations Evoking Bilateral Axial Trunk Musculature. * different at p<0.05, ** 
different at p<0.01, *** at p<0.001. # different from Sham at week 12. 
 
A. 
B. 
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5-HT+Bike animals achieve significant gains in open field and treadmill locomotor 
ability  
To understand the effect of extending therapeutic intervention to week 12 post-
SCI, we again assessed the impact of therapy on locomotor recovery measures. In the 
open field, there were again no differences in the BBB score between 5-HT+Bike and 
Sham groups on drug (5-HT+Bike 7.95 ± 0.24; Sham 7.24 ± 0.46). Off-Drug 5-HT+Bike 
animals (4.75 ± 0.8) performed significantly better in the open field compared to Sham 
animals (1.14 ± 0.34; p<0.01). Additionally, during weeks 8 and 12 5-HT+Bike animals 
achieved a significantly greater proportion WS BBB scores (12/31, 14/30 respectively; 
p<0.001 for both time points) compared to Sham animals (0/23, 4/28 respectively)( 
Figure 4.3 A).  
In order to gain a more detailed insight into locomotor recovery, treadmill 
locomotor assessment was performed. During weeks 8 and 12 post-SCI, 5-HT+Bike 
animals took a significantly greater percentage of plantar WSS (9.64% ± 2.28, 12.07% ± 
4.04 respectively; p<0.05 at both time points) compared to Sham (1.82% ± 0.67, 0.02% ± 
0.1 respectively).  These results again show that a combination of 5-HT and Bike therapy 
after SCI can induce significantly greater amounts of locomotor recovery compared to 
Sham therapy, although there were no improvements from weeks 8 to 12. This involved 
significant increases in open field weight-supported plantar placement of the hindpaw 
and weight-supported plantar stepping during treadmill locomotion. 
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Cortical Lesions within the MPBA significantly reduce the recovered locomotor ability in 
5-HT+Bike animals 
 To determine the role of the reorganized cortical circuits within the MPBA in 
locomotor recovery after SCI, we assessed the locomotor ability of 5-HT+Bike and Sham 
animals before and after a cortical lesioning procedure. During week 13 post-SCI, 
bilateral stereotaxically guided lesions of cortex within the MPBA were performed (see 
methods). To affirm the consistency of the lesions across animals and groups we first 
quantified the spatial extent of the cortical lesion. As expected, there were no differences 
Figure 4.3 Locomotor recovery measures during weeks 8 and 12 post-SCI. A. During week 8 and 
12 open field assessment, 5-HT+Bike animals achieved a significantly greater amount of WS BBB 
scores compared to Sham animals. B. 5-HT+Bike animal locomoting during treadmill assessment. C.  
During week 8 and 12 treadmill assessment, 5-HT+Bike therapy promoted a significant increase in 
plantar weight-supported steps compared to Sham therapy. * different at p<0.05. 
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in any lesion volume parameter across groups (Figure 4.4). Therefore, we next assessed 
the effect of this sensorimotor cortical lesion on locomotor ability.  
 
 
 
 
 
 
 
 
 
 
Similar to previous studies (Giszter et al., 2008), cortical lesions within the 
MPBA in uninjured Control animals had no effect on locomotor ability (BBB & treadmill 
assessment; BBB = 21 ± 0; % Plantar WSS 100% ± 0). However, the story was much 
different in 5-HT+Bike animals. After the cortical lesioning procedure (week 14 post-
SCI), 5-HT+Bike animals had a significant decrease in % Plantar WSS (1.9 ± 1.43; 
p<0.05) compared to week 12 post-SCI (12.7 ± 4.64)(Figure 4.5 C). Open field 
locomotor ability showed a trend toward a decrease in WS BBB scores between week 12 
(14/30) to 14 (8/22; p=0.10). As expected, Sham animals were unaffected by the cortical 
lesion (due to the absence of motorically responsive cortex in the MPBA) and retained 
their poor locomotor abilility at both locomotor assessment timepoints (Figure 4.5). 
Therefore, in uninjured animals (Control) sensorimotor cortex plays a minor role in 
Figure 4.4. Estimates of Cortical Lesion Volume. A. There were no differences in the cortical 
lesion location (data not shown) or volume parameters across groups. 
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locomotor ability (as assessed in this study). After SCI and successful therapy (5-
HT+Bike), the sensorimotor cortex evolves to a more integrated role in locomotor 
function. This evolution and subsequent rewiring of sensorimotor cortex plays a 
significant role in locomotor recovery, as shown by the reduction in plantar weight 
supported treadmill stepping and open field weight supported locomotor behaviors after 
cortical lesioning. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Locomotor performance before (Week 12) and after (Week 14) cortical 
lesion. A. Stereotaxically guided bilateral lesions within the MPBA led to a trend towards 
a decrease in WS BBB scores in 5-HT+Bike and Sham animals. B. The ability of 5-
HT+Bike animals to take plantar weight supported steps on the treadmill significantly 
decreased following cortical lesioning. C. Single animal representations of lost locomotor 
ability (% Plantar WSS) in the 5-HT+Bike group after cortical lesioning.* different at 
p<0.05. 
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4.4. DISCUSSION  
 The findings in this Thesis Chapter directly build upon the results presented in 
Thesis Chapters 2 and 3. While the positive correlation between the magnitude of 
sensorimotor cortical reorganization and locomotor ability is intriguing, the role of this 
cortical rewiring in locomotor recovery after SCI has now been explored. Motor cortex in 
uninjured animals primarily plays a role in voluntary motor behaviors and volitional 
modifications to ongoing locomotion (e.g., avoiding an obstacle). Similar to previous 
studies (Giszter et al., 2008), cortical lesions within the MPBA (i.e. cortex containing 
efferents to axial trunk and hindlimb musculature) have no effect on locomotor ability in 
uninjured Control animals. The case is much different in 5-HT+Bike animals. After SCI 
and 5-HT+Bike therapy, the sensorimotor cortex within the MPBA rewires to subserve 
forepaw somatosensation and control of the axial trunk musculature. This cortical 
reorganization plays a major role in locomotor recovery after SCI. Lesions to this rewired 
cortex (which essentially returns the sensorimotor cortical circuitry to a state similar to 
that of a Sham animal, i.e., motorically silent and unresponsive to sensory stimulation) 
significantly reduced the locomotor ability of 5-HT+Bike animals. Therefore, the cortical 
reorganization seen in this thesis work is not an epiphenomenon simply associated with 
SCI, but is in fact intimately involved in locomotor recovery following SCI. 
 Although stereotaxically guided lesions within the sensorimotor MPBA revealed 
the role of these new sensorimotor cortical circuits in recovery, the interpretation of these 
results have some limitations. The locations of the cortical lesions were chosen following 
the high resolution cortical mapping studies done in previous Thesis Chapters. Lesioning 
the MPBA is attractive for two main reasons: 1) the magnitude of the sensory (glabrous 
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forepaw; Ganzer et al., 2013; Chapter 2) and motor (axial trunk; Chapters 3 and 4) 
reorganization within this cortical module is positively correlated to open field locomotor 
ability, and 2) these new representations are expansions into largely silent cortex, which 
allows one to lesion de novo cortical representations without damaging preexisting 
cortical representations (i.e. the lesion returns the sensorimotor cortical circuitry to a state 
similar to that of a Sham animal). Aside from these reasons for lesioning this area, the 
contribution of other sensorimotor areas undoubtedly play a role in recovery. Future 
studies that are able to reverse plasticity in a noninvasive manner (i.e. not using 
intracranial electrolytic lesioning protocols; see vagus nerve stimulation and other 
stimulation protocols for alternative means: Engineer et al., 2011) will be able to dissect 
the role of cortical modifications in skill acquisition regardless of the new cortical 
circuit’s location.  
 The reduction in cortical area devoted to axial trunk control from week 8 to week 
12 in 5-HT+Bike animals is both intriguing and of clinical relevance. The results 
regarding the cortical reorganization observed in this thesis work are impressive, 
considering the fact that our therapeutic interventions were not paired with any form of 
direct locomotor training (e.g. body-weight-supported treadmill training or manual step 
training). Nevertheless, these therapies (5-HT pharmacotherapy and passive bicycling 
exercise) are sufficient to promote significant reorganization of the somatosensory and 
motor cortical circuitry. Although the locomotor ability seen at week 8 post-SCI is 
essentially maintained when extending therapeutic intervention 4 more weeks (until week 
12 post-SCI), there is interestingly a significant reduction in the axial trunk expansion 
between weeks 8 and 12. There are many potential explanations for this finding. Firstly, 
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it is likely that subcortical as well as spinal plasticity above and below the level of the 
injury contributes in some way to locomotor recovery following SCI (Edgerton et al., 
2008). It could be the case that over time, axial trunk control from cortex is lessened (via 
a reduction in cortical area devoted to axial trunk movements) due to the ability of spinal 
circuits to successfully perform locomotor behaviors. This is undoubtedly a very complex 
scenario which would require detailed follow up studies, but is nonetheless a potential 
explanation. Secondly, the idea that the amount of cortex (i.e. mm
2
) dedicated to a 
movement type or other sensorimotor behavior is in fact mainly responsible for the 
associated skill may not be the whole story. Recent studies have investigated the role of 
cortical expansions in the process of skill acquisition and learning. In an elegant study, 
Reed et al. recently suggested that a cortical expansion (in this case in the auditory 
cortex) is only necessary for learning but not ongoing performance (Reed et al., 2011). 
These findings led to the formulation of the “Expansion Renormalization” hypothesis of 
cortical reorganization: after learning and the subsequent cortical expansion, the cortical 
representation “renormalizes” (i.e. reduces in size). This “renormalization” is potentially 
due to the high metabolic demand of such a large area of cortex subserving a behavior, 
which leads to the optimization and pruning of the new cortical circuit. These reasons and 
others may explain the reduction in 5-HT+Bike’s axial trunk representation from week 8 
to 12. From a clinical perspective, these data provide the rationale for potentially pairing 
these therapies with locomotor training, which may also prevent a potential decrease over 
time in the cortical correlates of locomotor recovery following SCI. 
 Clinically, the duration of a therapeutic intervention after injury is a very 
important subject. How long should we administer therapy after injury and at what point 
86 
 
should we stop therapy? Is there a need for ongoing therapy administration in order to 
maintain regained function after injury? We addressed these problems in some capacity 
in this Thesis Chapter. Extending therapeutic administration (in this case 5-HT+Bike 
therapy) four more weeks to week 12 post-SCI did not lead to additional improvements in 
locomotor ability. In fact, it led to a significant decrease in axial trunk area in cortex, 
which could be due to “expansion renormalization”, a general decrease in axial trunk 
motor control or other reasons as discussed above. Further assessment at time points past 
week 12 post-SCI will be needed in order to fully answer the question of whether 5-
HT+Bike therapy’s functional benefits plateau at week 12 (or earlier). Regardless, open 
field weight-supported plantar placement of the hindpaw and significant increases in 
plantar weight supported stepping on the treadmill are respectable gains clinically, 
especially considering the severe insult associated with a complete spinal transaction. 
 In conclusion, the work from this thesis chapter has assessed the role of the 
cortical rewiring in locomotor recovery after SCI, showing that the sensorimotor cortex 
can become intimately involved in locomotor function and recovery after injury. Also, we 
have shed light on the effectiveness of the combinatorial therapeutic intervention of 5-HT 
pharmacotherapy and passive exercise at different administration durations. Depending 
on one’s the definition of “respectable functional recovery”, additional interventions may 
be needed to reach further gains in locomotor recovery after SCI. However, these 
potential additions may be associated with increased invasiveness (e.g. surgical implants, 
axonal grafts and genetically modified cellular constructs). This thesis work speaks 
towards maximizing and “hijacking” the nervous system’s innate plastic abilities (in a 
largely noninvasive way) to promote sensorimotor rewiring that is relevant for recovery. 
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5-HT, BDNF, ADCY1 and a host of other molecular factors may be responsible in part 
for the cortical plasticity shown in this work. The “solution” for promoting further 
functional recovery after SCI may indeed be a combinatorial set of approaches which 
perturb and utilize the unbelievable complexity that lies within the CNS and body in 
general. 
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Chapter 5. Thesis Conclusion 
 This thesis work highlights the ability of the CNS of the adult rat to undergo 
significant functionally relevant plasticity following complete midthoracic SCI as an 
adult. We confirmed the central hypothesis of this thesis work, showing that after SCI 5-
HT pharmacotherapy combined with exercise therapy induces the expansion of forepaw 
somatosensory cortex and upper trunk motor cortex into the deafferented hindlimb 
cortex, the extent of which is correlated to locomotor recovery. This plasticity is most 
likely contributed to by: 1) the direct impact of 5-HT pharmacology, BDNF, ADCY1 and 
other plasticity related factors on the supraspinal and spinal sensorimotor systems and 2) 
activity dependent plasticity mechanisms due to the increased locomotor activity of the 
animals on drug. These data provide the rationale for administering therapeutic 
interventions that utilize the endogenous plastic capability of the CNS, which may be a 
critical concept in promoting recovery after other types of injury (Bavelier et al., 2010). 
Recently, human clinical trials (Clinical trial IDs: NCT01753882, NCT01788969 and 
NCT01538693) have begun using SSRI’s and exercise to potentially promote recovery in 
individuals with incomplete SCI (AIS C and D). 
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Appendix A. Assessment of the Spinal 5-HT Receptor System After SCI and 
Therapy 
 
Specific Aim I: Identify the effect of serotonergic pharmacotherapy and exercise therapy 
on the organization of the somatosensory cortex, locomotor recovery and the spinal 5-HT 
receptor system after a complete spinal transection. 
Hypothesis: Serotonergic pharmacotherapy normalizes 5-HT receptor densities in the 
spinal cord, increases the cortical representation of body parts rostral to the level of the 
lesion compared to animals that receive sham therapy, and the extent this cortical 
reorganization is correlated to behavioral recovery. 
 
INTRODUCTION 
After complete spinal cord injury (SCI), pharmacological therapies using specific 
5-HT receptor (5-HTR) agonists have been developed to promote the recovery of 
locomotor function (Antri et al., 2002, 2003, 2005; Musienko et al., 2011). The long 
lasting locomotor recovery presented by Antri et al. (2005) is at least partly mediated by 
chronic stimulation of the 5-HT2A & 5-HT1ARs using the 5-HT agonists quipazine and 8-
OH-DPAT. It is hypothesized that these chronically administered 5-HT agonists act on 
upregulated spinal 5-HTRs below the level of the SCI. In this thesis work I show that 5-
HT pharmacotherapy also acts above the level of the SCI to promote recovery of 
locomotor function. In Thesis Chapters 2 and 3, I have shown that 5-HT 
pharmacotherapy promotes the expansion of the forepaw (Ganzer et al., 2013) and axial 
trunk representations in sensorimotor cortex, the extent of which is correlated to 
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locomotor recovery. In Thesis Chapter 3, lesioning these cortical representations resulted 
in a significant reduction in locomotor ability. Therefore, 5-HT pharmacotherapy also 
acts above the level of the SCI to promote cortical plasticity and recovery of locomotor 
function. 
In order to test the hypothesis that chronically administered 5-HT agonists 
normalize upregulated receptors after SCI, we assessed the density of 5-HT2A & 5-
HT1ARs below the level of the SCI in the Sham, Bike, and 5-HT+Bike groups (for details 
see Chapter 3 methods section) using standard immunohistochemistry techniques. 
Uninjured animals served as the Control group. We measured these receptor densities 
using area fraction within the Dorsal (Lamina I-VI), IMZ (Lamina VII & X) and Ventral 
(Lamina VIII & IX) Spinal Regions of Interest (Figure 1B) across the Control, Sham, 
Bike and 5-HT+Bike groups (N=4 for all groups). 
 
 
  
 
 
 
 
 
 
A. B. 
Figure A.1. Experimental Timeline after SCI and Spinal Regions of Interest. A. All animals 
received a complete spinal cord injury (SCI) at spinal level T8/9. Bike and 5-HT+Bike animals 
started passive bicycling exercise therapy at week 1 post-SCI. 5-HT+Bike animals started 5-HT 
pharmacotherapy at week 2 post-SCI (see Ganzer et al., 2013 for Bike and 5-HT therapy 
administration methods). Sham animals received sham exercise and sham pharmacotherapy. All 
interventions continued to week 8 post-SCI. At week 9 post-SCI spinal cord tissue was collected for 
5-HT immunohistochemistry (IHC).  B. 5-HT2A & 5-HT1AR densities were assessed using 
diaminobenzidine IHC.  Photomicrographs of the 5-HTRs were captured using bright field 
microscopy within the Dorsal (Lamina I-VI), IMZ (Lamina VII & X) and Ventral (Lamina VIII & 
IX) Spinal Regions of Interest.  
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RESULTS 
Interestingly, chronic 5-HT pharmacotherapy administered in 5-HT+Bike animals 
prevented the upregulation of the 5-HT2AR in the IMZ and Ventral (Figure 2A) zones, 
leading to similar 5-HT2AR densities seen in uninjured Control animals. The density of 5-
HT2AR receptors in the IMZ were significantly increased in the Bike group compared to 
all groups (p<0.001 vs. Control, Sham and 5-HT +Bike; Figure 2B). The density of 5-
HT2AR receptors in the Ventral zone was also significantly increased in the Bike and 
Sham groups compared to Control (p<0.001) and 5-HT+Bike (p<0.001) groups (Figure 
2B). There were no differences in Dorsal 5-HT2AR density.  
 Except for the IMZ, 5-HT+Bike animals had 5-HT1AR densities comparable to 
that seen in uninjured Control animals, similar to the observations in the 5-HT2AR 
assessment. The density of 5-HT1AR receptors in the Dorsal zone (Figure 2C) 
significantly increased in both the Bike (p<0.001 vs. Control and 5-HT+Bike) and Sham 
(p<0.001 vs. Control; p<0.05 vs. 5-HT+Bike) groups (Figure 2D). The density of 5-
HT1AR receptors in the IMZ significantly increased in the Sham, Bike and 5-HT+Bike 
groups compared to Control (p<0.05). The density of 5-HT1AR receptors in the Ventral 
zone significantly increased in the Bike group compared to all groups (p<0.001). This 
assessment of the spinal 5-HTR system below the level of the injury shows that during 
week 8 post-SCI, chronic 5-HT pharmacotherapy (i.e. the 5-HT+bike group) acts on near 
normal 5-HT2A and 5-HT1AR densities.  
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DISCUSSION 
Previous studies using 5-HT pharmacotherapy have hypothesized that chronically 
administered 5-HT agonists act on continually upregulated 5-HTRs below the level of the 
C. 
A. B. 
D. 
Figure A.2. 5-HT2A & 5-HT1AR densities after SCI and therapy. A. Representative 
photomicrographs of Ventral 5-HT2AR staining across the four groups (scale bar = 50 µm). B. Chronic 
pharmacotherapy administered in 5-HT+Bike animals prevented the upregulation of the 5-HT2AR in 
the IMZ (p<0.001) and Ventral (p<0.001) spinal ROIs seen in Sham and Bike animals. C. 
Representative photomicrographs of Dorsal 5-HT1AR staining across the four groups (scale bar = 50 
µm). D. Chronic pharmacotherapy administered in 5-HT+Bike animals prevented the upregulation of 
the 5-HT1AR in the Dorsal (p<0.001) and Ventral (p<0.001) spinal ROIs seen in Sham and Bike 
animals. Statistical results are from Kruskal-Wallis ANOVA’s performed separately for each Spinal 
ROI, followed by a Dunn’s post-hoc test.* p<0.05; *** p<0.001. 
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SCI. Here we show that chronic 5-HT pharmacotherapy prevents this 5-HTR 
upregulation. 5-HT denervation after spinal transection is known to upregulate 5-HT 
receptors in the spinal cord (Hadjiconstantinou et al., 1984). Sham and Bike interventions 
allow an increase in 5-HTR density due to a lack of serotonergic drive below the level of 
the SCI. The lack of upregulation of the 5-HT2A and 5-HT1ARs seen in 5-HT+Bike 
animals is most likely due to an agonist-induced internalization of the receptor, similar to 
that seen at supraspinal levels (Gray & Roth, 2001; Riad et al., 2001).  Other studies have 
also reported a down regulation of 5-HT receptor transcription after agonist treatment 
(Popova et al., 2010). In addition to 5-HT pharmacotherapy normalizing 5-HTRs below 
the SCI, these systemically administered 5-HT agonists may act above the level of the 
injury (i.e. in sensorimotor cortex) to promote the cortical plasticity seen in Thesis 
Chapters 1, 2 and 3. Also, 5-HT pharmacology’s long term efficacy remains to be seen, 
as further modification of the spinal 5-HTR system may occur with prolonged exposure 
to agonist treatments. Future studies may choose investigate the state of the spinal 5-HTR 
system during earlier time points after SCI in order to gain insight into the state of the 
spinal 5-HTR system at the onset of 5-HT pharmacotherapy administration. 
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